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Abstract 

Over the last four years, vast improvements have been made in the area of VCSEL 
technology, moving them toward integration as smart pixels.  VCSEL design such as 
tapered oxide apertures, mirror doping schemes, and improved active regions have 
benefited  greatly during  this  time  period.     850-nm  VCSELs  with  strained 
AlInGaAs/AlGaAs active layers were fabricated with current thresholds as low as 156 A 
from a 2.8 m device. Tapered apertures have been successfully integrated into 980-nm 
devices for use in free-space optical links with data transmission at 3 Gbit/s with a 
BERo<o10'12.   Tapered apertures as well as improved doping schemes were used to 
improve broad area VCSEL characteristics and achieve slope efficiencies of 55 and 58% 
for devices of 1.5 A and 2.5 m respectively. And, for devices 2-3 m in diameter, wall- 
plug efficiencies as high as 20% at only 150 W were obtained. Finally, an easy to use 
graphical user interface and modeling program has been developed to estimate the optical 
scattering losses in oxide-defined VCSELs. 

Subject terms 

Semiconductor lasers, VCSEL, smart pixels, microlens, free-space interconnects, tapered 
apertures. 

Introduction 

The goal of this AFOSR program was to develop a new generation of very low-power, 
high-speed devices and circuits for use in free-space interconnect architectures. The 
transceivers used in these free-space links were ultralow-threshold, high-efficiency 
VCSELs with integrated microlenses. The VCSELs, along with low-power, high-speed 
transceiver circuits, and compatible detector arrays form the smart pixel building block. 
Wavelength encoding of the arrays for lower crosstalk, higher packing density and 
wavelength routing was also studied. 

Much of the work on these VCSEL-based smart pixels is included in Dr. Eric Hegblom's 
Ph.D. thesis which we included as Appendix 1 to serve as the detailed content of this 
report. However, in order to provide an introduction to its contents we here briefly 
summarize the material contained in its various chapters. 

Thesis summary 

Chapter 1 

This chapter describes the key applications for ultralow-threshold, high-efficiency 
VCSELs for use in free-space optics. It describes the evolution of VCSELs from channel 
links over multimode fiber to board-to-board and ultimately chip-to-chip interconnects 
within computers. It also depicts the use of VCSELs as smart pixels for improved speed 
in laser printing.. 



Chapter 2 
Chapter 2 describes the benefits of scaling VCSELs to smaller sizes. Proper scaling is 
essential for ultralow-threshold, high-efficiency smart pixels. The chapter introduces 
methods for improved scaling by using oxide apertures to confine both the current and 
the optical mode. 

Chapter 3 
In order to achieve ideal scaling of VCSELs, it is necessary to improve the broad-area 
characteristics of VCSELs. This chapter focuses on the design of VCSELs, particularly 
the design of the mirrors. It describes the tradeoffs between increased free carrier 
absorption loss and lower electrical resistance, and for the first time derives the ideal 
carrier profile based on the loss-resistance product. 

Chapter 4 

Chapter 4 contains the bulk of the theoretical calculations for apertured VCSELs. The 
calculations are intended to estimate the reduction of optical scattering losses due to 
tapered apertures. Figure 1 illustrates the concept of optical scattering losses at the oxide 
aperture. 

DBR /Dielectric Aperture (e.g. oxide) 

DBR 

1 Abrupt aperture cannot exactly compensate 
for diffraction -> scattering loss 

• Parabolic aperture (lens) can exactly compensate 
for diffraction -> no scattering loss 

Figure 1. Schematic of a propagating mode inside a VCSEL with an 
abrupt aperture and with a tapered aperture to form a lens. 



As illustrated in Figure 1, when a mode propagates through the structure, an abrupt 
aperture cannot perfectly refocus the mode. A perfect, parabolic lens can exactly 
compensate for the mode's diffraction, however, making an actual lens is not possible if 
current is to flow through the aperture. 

An iterative approach was used to solve for the optical losses in the VCSEL structure due 
to diffraction. The results are summarized in Figure 2. From the figure, it is apparent 
that thin apertures with tapers ~lum can reduce the optical losses to negligible values. 
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Figure 2. Theoretical results of an iterative model for the optical mode in a 
VCSEL. (a) Scattering (excess) loss versus mode radius for various 
aperture shapes (b) Schematic showing the aperture effective thickness. 

The chapter ends by explaining how ultimately designs with single apertures can not 
confine the smallest of modes without being limited by the angular stop-band of the DBR 
mirrors. An effective mirror length model called the ray penetration depth, is introduced 
to describe this effect. 

Chapter 5 
Chapter 5 addresses the limit on device scaling due to current spreading. Current spreads 
between the aperture and the active region, as illustrated in Figure 3a. This spreading 
affects both the threshold current density and the injection efficiency above threshold. 
The analysis of Chapter 5 quantifies these two effects with a simple formula that can 
easily be applied to device designs. Figure 3b. shows measured threshold currents for 
various device sizes and fits the data to the current spreading model developed in this 
chapter. 
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Figure 3. (a) Current spreads between the aperture and the active region 
(b) Threshold currents increase for small sizes due to current spreading 
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Chapters 

Chapter 6 summarizes the device results for the fabricated VCSELs. Analysis from 
Chapter 4 directed device designs toward thin apertures or tapered apertures at a standing 
wave null. With these designs, scattering losses have been virtually eliminated, resulting 
in record efficiencies for devices smaller than 2um in diameter. Equally as important, 
devices 2-3um in diameter reached wall-plug efficiencies for 20% at only 150uW of 
output power. Figure 4 below, depicts these results. 
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Figure 4. (a) Light versus current for devices <3um differential efficiencies are 
labeled for each curve (b) Wall-plug efficiencies for devices l-5um in diameter 



Chapter 7 
This chapter describes how tapered apertures are formed. The combination of fast lateral 
oxidation along with slow vertical oxidation in an AlGaAs layer with varying Al 
composition forms the taper. In addition, other issues such as stress due to the oxide and 
re-oxidation issues are discussed. 

Chapter 8 
The final chapter in this thesis provides some conclusions for the work done in designing 
and realizing ultra-low threshold, high-efficiency VCSELs. The chapter finishes by 
forecasting the major impact better current and carrier confinement could have on the 
wall-plug efficiency at smaller sizes and examines the other potential benefits of tapered 
apertures. 

Summary of Results 

Initially 850-nm VCSELs with strained AlInGaAs/AlGaAs active layers were fabricated 
using thin (200Ä) oxide aperture layers. Threshold currents as low as 156uA were 
measured from a 2.8um diameter device. Additionally, a burn-in study was performed 
on these VCSELs. No observable degradation in device performance was found after 30 
hours of testing at a constant current density of 22kA/cm2 and a junction temperature of 
140°C. Figure 5 below depicts these results. 
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Figure 5. (a) Light versus current plot for a 2.8um diameter device along 
with the measured optical spectrum (b) Light versus current curves as a 
function of time during the burn-in study. 

Low-threshold 980-nm VCSELs were then investigated for use in free-space optical 
interconnects between boards. A VCSEL-based free-space optical link was demonstrated 
and the alignment tolerances for the link where characterized. Limitations due to device 
sizes, interconnect dimensions, crosstalk, and insertion loss levels were also studied. A 
data transmission at 500 Mbit/s per channel with a lateral alignment tolerance of ± 50 pm 



was demonstrated By launching the signal from the microlensed VCSEL directly into a 
fiber-coupled receiver, a data transmission at 3 Gbit/s with a BER < 10 
These results are illustrated in Figure 6. 
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Figure 6. (a) Measured insertion loss and crosstalk for the free-space link 
as a function of lateral misalignment for varied interconnect lengths (b) 
Measured Bit Error Rate (BER) for the free-space link for various 
received powers. 

Focus was then placed on improving aperture design by using tapered apertures and 
improving broad area characteristics by optimizing the mirror doping. As a result of 
these design improvements, devices with diameters less than lum lased with output 
powers greater than 0.5mW. Additionally, devices of ~1.5um and ~2.5um diameters 
lased with slope efficiencies of 55 and 58% respectively-nearly equal to the broad area 
value. More importantly, peak wall-plug efficiencies of 21% and 27% were achieved for 
the 1.5um and 2.5um devices. And, at low output powers of 150uW, wall-plug 
efficiencies > 20% were demonstrated for all devices. 

Finally, a user-friendly Graphical User Interface (GUI) software package that aids in 
calculating the optical losses in VCSEL structures has been developed. The program is 
available for download with the disclaimer that UCSB be recognized with its use. 

Future work 

Although this grant has officially ended, research is still being conducted on these device 
structures. Even though the current is well confined by placing the aperture at the first 
standing wave null, the carriers still diffuse once they enter the quantum wells. This 
accounts for the majority of the threshold current for diameters <3um. Schemes for 
carrier confinement such as etching and regrowth and quantum well disordering by 
implantation and subsequent Rapid Thermal Annealing (RTA) are currently underway. 



With the improved scaling of these devices, it is conceivable that even higher wall-plug 
efficiencies can be achieved due to the decrease in the threshold current. 

Conclusions 

Over the span of this grant, significant improvements have been made in the design of 
VCSELs for use as smart pixels. 850-nm VCSELs with threshold currents as low as 
156uA were fabricated using strained AlInGaAs/AlGaAs active layers. Improved 
980-nm VCSELs were fabricated and used in free-space optical links yielding 
BER < 10"12 at 3 Gbit/s. Devices employing the use of oxide apertures and improved 
mirror design demonstrated slope efficiencies as high as 58% and wall-plug efficiencies 
as high as 27% for output powers of 150 uW. Finally, a computer model for calculating 
optical losses in oxide-defined VCSELs has been integrated with a graphical user 
interface to aid in the design of VCSELs. 
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Abstract: 

Engineering Oxide Apertures in Vertical Cavity Lasers 
by Eric R. Hegblom 

This work focuses on analyzing and improving the performance of 
smaller vertical cavity lasers which employ transparent, insulating apertures 
(commonly made by lateral etching or oxidation) for optical and current 
confinement. 

Improved performance of smaller vertical cavity lasers is important for 
applications which require arrays of vertical cavity lasers operating at low 
power such as free-space optical interconnections between computer boards or 
even computer chips or highly parallel laser printing schemes. And if properly 
scaled, smaller lasers have better characteristics at lower output powers. 

We analyze two major barriers to shrinking the aperture size: optical 
scattering losses and current spreading. These analyses helped explain the 
observed drop in efficiency and rise of threshold current density in earlier 
oxide apertured, small lasers, and directed changes in the aperture design such 
as tapering the oxide front for a more lens-like shape. In addition, these 
analyses were reduced to simple formulas involving normalized parameters 
which can be applied to a variety of designs. 

We also demonstrate experimentally the impact of improvements in 
aperture design which enabled small, single-mode, VCSELs <2um diameter to 
reach record efficiencies and enabled 2-3 urn diameter devices to reach power 
conversion efficiencies of 20% at output powers as low as 150nW. And we 
discuss how these results can be improved with carbon doping and better 
tailoring of the doping profile to minimize resistance with the least absorptive 
loss. 
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Dissertation Overview and Summary of 
Contributions 

Application Motivations and Background (Chapter 1) 

Relatively large multimode vertical cavity surface emitting lasers (VCSELs) 
are presently manufactured by several companies for short distance (~200m), 
single-channel data links over multimode fiber. However, in the future, there 
are opportunities for arrays of VCSELs serving as the optical source for denser 
data links over shorter distances. As the array size is increased and VCSEL 
spacing reduced, the requirements on VCSEL performance become more 
stringent. The application scale may range from -10 channel links over 
multimode fiber to link computers for high performance applications to board- 
to-board or ultimately to chip-to-chip interconnects within computers. In 
addition, dense arrays may also be desired to improve speed in lasers printers 
where the ultimate limit would be to have a VCSEL for every pixel across the 
row of a page. These application areas and requirements are discussed further 
in Chapter 1. 

Applications like free-space optical interconnects require much less power than 
those over longer distances. To stay competitive with an electronic link one 
desires less than about AV2/Z0 ~ (0.4)2/50Q=3mW per connection for the laser 
itself. (Previously, it appeared optical connections would have a great 
advantage over electrical ones at short distances from a power consumption 
perspective, but lower voltage electronics are changing that.) This means that 
it is important to improve the efficiency of devices at lower output powers. In 
addition it is desired to have single-mode devices to reduce optical crosstalk 
between adjacent channels and modal competition noise. Finally, one would 
like low voltage for compatibility with CMOS/BiCMOS drivers. 
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Benefits of Scaling (Chapter 2) 

This thesis aims to improve the characteristics of VCSELs at lower powers by 
improving the scaling of the broad-area properties to small sizes. If the broad 
area threshold current density and slope efficiency remain constant with device 
size, then smaller lasers will have higher wall-plug efficiency than larger lasers 
despite the electrical resistance increasing inversely with device size. In 
addition, smaller lasers would require less operating power for a given 
modulation bandwidth, and at the operating point for highest efficiency, the 
temperature rise, and drive voltage would also be lower in smaller lasers 
(assuming perfect scaling). The benefits and barriers to ideal scaling are 
described and quantified in Chapter 2. 

Thesis Focus: 

To improve the scaling of device characteristics, this thesis examines two basic 
issues in apertured vertical cavity lasers: optical confinement and current 
confinement and demonstrates improvements the to scaling using tapered Al- 
oxide apertures in 980nm VCSELs grown in the GaAs/AlGaAs material 
system. In addition, we formalize and pursue some ideas to improve the 
broad-area device characteristics. 

Improving the broad-area VCSEL characteristics (Chapter 3) 

The doping profile particularly in the mirrors of a vertical cavity laser is critical 
to device performance for all sizes. And there is always a trade off between 
increased free carrier absorption loss and lower electrical resistance. In 
Chapter 3, we introduce the loss-resistance product (which has been shown to 
be correlated to the wall-plug efficiency), and use it for the first time to derive 
the ideal carrier profile. We then compare various mirror interface doping and 
grading schemes to achieve this profile. 

Analysis of Optical Confinement of Apertures (Chapter 4) 

The lateral optical confinement provided by oxide apertures in vertical cavity 
lasers is not perfect.  Analyzing the optical confinement and quantifying the 
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excess optical loss created by the apertures is a key contribution of this thesis. 
In fact, the conclusions and analysis in this area have already provided 
understanding and directed device design here and elsewhere. And you may 
have seen the simple formula for the loss estimates in the theses of Brian 
Thibeault and Yuliya Akulova. This analysis supported experimental evidence 
that the performance of small (<4\xm) VCSELs was limited by significant 
excess optical losses in typical aperture designs at that time and showed that 
moving to optically weaker (thinner) apertures would provide improvement as 
Brian Thibeault demonstrated. In addition, the analysis showed that by 
tapering the aperture tip (which can be done by a combination of lateral and 
vertical oxidation as discussed in Chapter 7) could provide even further 
reduction of excess loss, but ultimately designs with single apertures could not 
confine the smallest of modes without being limited by the angular stop-band 
of the DBR mirrors. At the end of Chapter 4, we introduce another effective 
mirror length, the ray penetration depth, to describe this effect. 

Current Confinement Analysis (Chapter 5) 

Current can spread between the aperture and the active region. This spreading 
can effect both the threshold current and the injection efficiency above 
threshold. The analysis of Chapter 5 quantifies these two effects with simple 
formulae that can be easily applied to device designs. The key conclusions 
provided by this analysis are that current spreading can be a far greater 
contribution to threshold than lateral carrier diffusion and that current 
spreading does little to lower the injection efficiency above threshold. These 
points were key to understanding the device performance of VCSELs made by 
Thibeault and Margalit and the devices in this work and you may have already 
seen that analysis applied in their theses or in the thesis of Yuliya Akulova. 

Device Results (Chapter 6) 

The analysis of optical scattering losses and of current confinement directed 
device designs towards the use of thin or tapered apertures positioned at the 
standing wave null closest to the active region. With such modifications, we 
fabricated devices that benefited from the improvements in scaling of broad 
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area characteristics. Lowering of scattering loss has enabled record 
efficiencies for devices <2um diameter. Equally important, 2-3um diameter 
devices reach a wall-plug efficiency of 20% at only 150uW output power. The 
peak efficiency is higher, but the important result is being able to reduce the 
total operating power as desired for the shortest distance interconnect 
applications. We should note that with carbon doped VCSELs, researchers at 
Sandia Labs and the University of Ulm have achieved high wall-plug 
efficiencies of 50% and 57% at output powers of 1.3mW and 3.3mW, 
respectively. But these have been in larger 7um and 5 urn diameter devices and 
the improvements being touted here are for smaller, single-mode (as desired 
for free-space optical interconnects) devices at lower powers where the scaling 
issues are much more important and the efficiency of the devices in this work 
represent state of the art results for that low an output power and small a size. 
Only one other VCSEL (the 7um Sandia hero device) has achieved an 
efficiency of 20% at 150uW. 

After describing the major device results, we also compare experimental data 
to other structures to quantify how much the optical and current confinement 
benefited by the design changes. The best results were obtained in Be doped 
devices, but we expect to do even better with the use of a more controlled p 
dopant, like carbon. And the effort to use carbon as a p-dopant is described in 
Appendix A. 

Wet Thermal Oxidation: Tapered Apertures and Related Issues 
(Chapter 7) 

An original demonstration in this work (with some credit due to Brian 
Thibeault, Ryan Naone and Larry Coldren) is the formation of tapered oxide 
apertures through a combination of fast lateral and slow vertical oxidation in an 
AlGaAs layer with a varying Al composition. Chapter 7 shows how changes 
in the layer structure affect the taper shape. In addition, other issues such as 
stress in the oxide and re-oxidation are discussed. 
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Conclusions and Outlook (Chapter 9) 

The major contributions of this work are the theoretical analysis and laboratory 
realization of VCSELs with lower parasitic optical and current losses. We 
look beyond the results achieved to forecast the major impact better current 
and carrier confinement could have on the wall-plug efficiency at smaller sizes 
and examine other potential benefits of tapered apertures. 

MBE Growth with solid source Carbon doping (Appendix A) 

For improved VCSEL performance, a p-dopant like carbon is preferable to Be 
which moves during growth and does not incorporate well into high aluminum 
content layers. Previous efforts at UCSB by Matt Peters using a graphite 
filament source installed in an MBE system here showed the carbon doped 
layers tended to roughen during growth (though such roughness has not been 
reported with gas source carbon doping). But after some effort, we found the 
proper conditions (a higher substrate temperature~650°C) necessary to correct 
this problem. While the performance frontier was not pushed further for 
980nm VCSELs (as this appendix discusses), the mirror material was still good 
enough to offer the low resistance and low loss necessary for the 1.55um fused 
VCSEL researchers (Alexis Black et al.) to achieve record high temperature 
(70°C) CW lasing in their devices. Possibly performance could be pushed 
further at 980nm even using the filament source. 

Theoretical Odds and Ends (Appendix B) 

This section contains some handy graphs like confinement factor and mode 
radius vs. V number and derives modifications to the expression for mirror 
length when there are extra spacers or grading in the DBR. In addition, a 
generalized form of the optical efficiency is given which is useful when writing 
a transmission matrix program. But a majority of this appendix is spent 
deriving the mathematical difference between periodic and uniform 
waveguiding under the Fresnel approximation. 
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Layer Specifications (Appendix C) 

The actual MBE growth program for the Is' Null VCSELs is provided. 
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Chapter 1: VCSEL Applications 

Chapter 1: 
VCSEL Applications 

Overview: 

Over the past decade vertical cavity lasers have matured from a laboratory 
fascination to a wafer-scale manufactured product. Even just a few years ago 
(1994), people still wondered if VCSELs would ever be mass produced instead 
of in-plane lasers. But today several companies are selling either individual 
Vertical Cavity Surface Emitting lasers (VCSELs) or selling modules for data 
links which use VCSELs. The most common application for the VCSELs is 
gigabit Ethemefand Fibre channel link modules. Presently, total sales are on 
the order of over a million devices per year! VCSELs are definitely here to 
stay, but how will they change in the future? What new requirements will be 
placed upon the devices? What should be improved about them today? Where 

is this thesis relevant? 

In the future, VCSELs may be used for other applications like high 
performance interconnects for parallel computing or in phone switching 
centers, or at smaller scales such as chip-to-chip interconnects within 
computers, laser printing and possibly in digital video disks (or other optical 
storage applications) with red or possibly, with (who knows?) blue VCSELs. 
In addition, many improvements may be made to VCSELs for the existing 
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data-link applications such as using wavelength division multiplexing, making 
modules with arrays of VCSELs, employing oxide apertured VCSELs, and 
manufacturing VCSELs which operate at 1.3 or l.55um. And beyond that 
VCSELs may start being integrated monolithically with other components like 
photodetectors (either for two-way communication or as a monitor for the 
output power), or less likely, with transistors. Pursuing these various 
developments will keep the VCSEL community well employed over the next 
few years. 

VCSELs have a number of advantages touted over the years namely: a circular 
beam which is easy to couple to fiber, low power consumption even at 
relatively high modulation speeds, compatibility with LED manufacturing. In 
addition, the various attributes (like resistance, mode-size, number of modes, 
efficiency at lower powers) change with device size and with our ability to 
circumvent parasitics. As will be discussed further in the next chapter, the 
removal of parasitics mean that smaller VCSELs can provide higher power 
conversion efficiency at lower output power and higher modulation speed at 
lower operating powers. Furthermore, with proper scaling, smaller VCSELs 
are able to reach a higher output power density than larger ones which also 
implies that properly scaled smaller VCSELs will have a higher maximum 
modulation bandwidth. Unfortunately, shrinking the VCSEL size also means 
higher electrical resistance (although the scaling is better for apertured devices) 
and this is a limiting factor if one wants to match to low impedance 
transmission lines running to the device. 

In the following sections we will examine the various requirements on 
VCSELs demanded by both data link applications (for LANs, chip-to-chip 
interconnects) and printing (where an electrical alternative is not a competitive 
solution). We will comment on device designs to meet those requirements and 
also examine where improved scaling of VCSELs will impact system 
performance in order to motivate that key objective of this thesis. 

Optical Interconnect Regimes: 

Before discussing the specifics about VCSEL interconnect applications let us 
examine  the  regimes  where  optical  interconnects are competitive  with 
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electrical interconnects based upon the limit of the transmission medium. In 
this section, we are not considering what power or current is needed to send a 
signal in absence of electrical transmission losses. Such an issue becomes 
important for very short distance interconnects as we will discuss in that 

subsequent section. 

The traditional argument for the use of optical communication rather than 
electrical is the is attenuation of electrical media (coaxial cable) at high 
frequencies and long distances. Over shorter distances one would expect loss 
by the transmission medium to become less of an issue. This is roughly true, 
but packaging constraints which force much more closely spaced lines increase 
the attenuation. The limit is still difficult to beat at very short (~cm) distances, 
but there are other interconnect opportunities using closely spaced (~200um) 
VCSELs operating at > Gbit/sec speeds over several meter lengths. 

A metal transmission line is limited by losses of the metal (skin effect losses) 
and radiation losses. Let us consider here these limits from a microstrip 
transmission line as shown in Figure l-l. Although such a geometry is not 
used over all length scales, it provides an excellent estimation to understand 
the limitations to within an order of magnitude. The same limitations 
discussed still exist for other transmission line shapes but values will not 
change dramatically assuming appropriate scaling dimensions are chosen. 

Skin Effect Losses 

Using the expression for skin-effect loss in a microstrip line given in [l] and 
assuming a few ordinary parameters (namely effective width, weß = height 
and impedance of 50Q, a copper thickness of 2|im), we find the frequency for 

the transmission to attenuate the signal by 3dB is, 

5GHz-m2f weff  )      5Ghz-m2/mm2 

fldB\ Microstrip Line tl 
\ 

2 0.5mm J L p[ 
(l-l) 

As expected, this loss is not significant at 1GHz until a 0.5mm wide line is 
over a meter long which is beyond the regime that free-space optical 
interconnects might compete; but we still need to consider radiation loss, 
crosstalk and most importantly, interconnect density.   And other switching 

1 



4 Chapter 1: VCSEL Applications 

power issues for free-space interconnects will be discussed in a subsequent 
section. 

Figure l-l: A Microstrip line. As the line is scaled to small size to 
avoid radiation loss or for packaging reasons, skin effect 
losses increase 



Chapter 1: VCSEL Applications 5 

Radiation Losses 

So what about radiation losses? These do not happen to be the limit in the 
above example, but significant coupling to spurious modes occurs around a 

frequency of [2] 
/iMO.50GHz-n«^ (L2) 

using a typical e=3.8. Thus, to avoid radiation losses it is necessary to scale 
the transmission line dimensions down as the frequency increases. Consider 
that we pick h so that/jwD » five times the operating frequency, and scale 
uvtf-with h, then the limit due to the skin effect losses can be rewritten as, 

AfflL-      ■ ,■    =13GHz -^ (1-3) J idti | Microstnp Line 1    £ 

Allowing for the maximum height and width to avoid radiation losses, means it 
now takes ~50m long transmission line for a 3dB attenuation at 1GHz. 
However, that transmission line is now 1cm high and wide! Radiation losses 
do force the designer to scale the size of the line, but more likely packaging 
considerations will force the use of smaller lines (in which case radiation losses 

will be even less of a concern). 

Crosstalk 

We should also mention here that increasing cross-talk (which is obviously 
related to radiation losses) can be avoided if the height of the line, h, is scaled 
with the interconnect spacing. Then the amount of coupling between two lines 
will just depend on, LA. the physical length over the wavelength. For a 
separation between microstrip lines on GaAs equal to 3h, the coupling between 
them is <-20dB for lines about 2/3 the wavelength[3]. Thus, the coupling is 
avoidable at GHz speeds over distances < lm, but over tens of meters (at 
1GHz) crosstalk begins to dictate design changes (greater lateral spacing or use 

of a coaxial geometry). 

2-D and 3-D Packaging Limitations 

Let us consider scaling the effective width (and also height) for much more 
densely packed transmission lines as might be desired if there are many 
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interconnects over a short length. These interconnects need not only be 
arrayed laterally. They may stacked vertically. (Or they may be tipped up so 
that they send a signal vertically from a board. We will not limit ourselves to 
what packaging may be possible. We will just assume that somehow the 
transmission lines can be fabricated.) Essentially, what this analysis means is 
that the electrical limit due to attenuation should not be thought of as just as a 
length limit for a given frequency, but as a length limit at a given frequency 
and interconnect density, pr, the number transmission lines/cm2 crossing a 
planar boundary or equivalently the interconnect spacing (both laterally and 
vertically). Figure 1-2 plots the boundary given by Eq. (l-l) for different -3dB 
frequencies (i.e. for a given frequency and interconnect spacing, the length of 
line is calculated that would have 3dB attenuation). One can learn a lot from 
this plot; so let us look at the different regimes. First, lets look at interconnect 
lengths ~102 meters long and interconnect spacing on the order of centimeters. 
We see that this clearly lies in the "optics" region of the plot. This is where 
optical solutions for gigabit ethernet(GE) are competing. For an optical 
solution to be competitive with an electronic one over shorter distances, it must 
be able to packaged into a smaller form factor (interconnect spacing). If we 
scale down to a lcm length, then the 3dB limit at 1GHz occurs at an 
interconnect spacing of ~30um. Beating this limit with optics is still 
challenging because VCSELs communicating through free-space at a GHz 
speed on a 30um pitch over a centimeter is a probably not possible without 
WDM techniques to avoid crosstalk. But other limit to consider for these links 
is the switching power and drive current to send a signal in absence of these 
skin effect losses. 

But we do not have to try to scale the interconnect length to lcm. What Figure 
1-2 shows is that there is a different opportunity for VCSELs spaced -200- 
500|im (compatible with fiber ribbon cable) which can send data at faster than 
l Gbit/sec over lengths longer than l meter. Such an application is indicated by 
the POFI' (Parallel Optical Fiber Interconnects) label and will be discussed in 
the VCSELs for HIPPIs section. 

' I don't intend to keep using the acronym; it just fit easily on the plot 
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With some idea of where these various optical interconnect regimes lie in 
comparison to the loss limitations from metal interconnects, let us proceed to 
examine the specific applications. 

to c 
o 

'■& 

U 
O 
I 

CO 
CO o 

interconnection length (m) 

Figure 1-2: Attenuation limit from a microstrip transmission line due 
to skin effect losses which are dependent upon both the length 
of the line, the line density and the frequency. The limit 
approximately defines a dividing line where an optical 
interconnect could compete with an electrical interconnect. 
The blobs indicate the typical density and interconnection 
length of three different links. FSOI (Free-Space Optical 
Interconnects) have a difficult time competing with metallic 
interconnects purely on the bases of skin-effect losses - unless 
the interconnect density can be increased or a channel can 
operate over lOGHz. GE (Gigabit Ethernet) is already in a 
regime where fiber-based links have advantage over metal, 
and in the future, closely spaced POFI (Parallel Optical Fiber 
Interconnects) have a clear opportunity to compete with metal- 
based interconnects. Not shown on the chart are the km 
distances where X=l .3urn and l .55um laser based links have 
historically been preferred to coaxial cable at Gbit/sec speeds. 
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VCSELs for LANs 
(Single channel, ~10-100m 
interconnects) 

From the previous discussion, the need for an optical-based interconnect 
operating at Gbit/s over distances of 100m is clear. (See Figure 1-2 again). 
And as mentioned this is the largest present application for VCSELs. In this 
high volume market, cost of manufacture is very important. Hence, the laser is 
used in conjunction with easy to couple to multimode fiber. Another major 
cost reduction comes from the ability to test and package VCSELs in a manner 
similar to the well developed (i.e. low cost) techniques used for LEDs. Such 
techniques could not be used for in-plane lasers. Furthermore, multimode 
VCSELs have a denser modal spectrum (from transverse modes) than in-plane 
lasers do (from longitudinal modes). The larger number of modes reduces the 
speckle patterns and consequently the higher bit error rate produced by 
interference of modes at junctions[4]. CD lasers also have reduced speckle 
because they are designed to be self-pulsating and they are cheap (~$0.5 in 
volume). However, commercial CD lasers have been found to be less reliable 
than VCSELs. (Although IBM has gone to great lengths to find techniques for 
fishing out reliable ones[5].) 

The standard for gigabit Ethemet[6] specifies two different operating ranges of 
wavelengths: 770-860nm and 1270-I355nm. Although at 980nm, fibers have 
lower attenuation, the standard was written when 850nm VCSELs were more 
mature in industry and was written to allow 780nm CD lasers to compete with 
850nm VCSELs[7]. The minimum length specified for a link around 
>.=0.8|im is 220m using 62.5^im diameter fiber and 500m using 50|im 
diameter fiber. For wavelengths around l.3um, the specification is 550m at 
both fiber sizes. It is also interesting to note the standard specifies the 
minimum length for a copper l .25 Gbit/s interconnect to be only 25m, which is 
in rough agreement with Figure 1-2. 
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The standard also makes other specifications about the laser characteristics. 
Besides an operating speed of 1.25Gbits/s within a specified eye-opening, the 
0.8um sources must be eye safe (i.e. power in the fiber <~400^W) and an 
extinction ratio of 9dB which means a low state of ~50uW in the fiber. This 
relatively low, low state means that the system design must be able to tolerate 
changes in threshold which can raise the low-state. In addition, the laser 
should launch light into the both the radial and azimuthal modes of the 
multimode fiber which means that one needs a laser beam to be more divergent 
than the numerical aperture of the fiber and laser should probably be off- 
centered from the fiber (or perhaps the laser should even launch a donut-shaped 
mode[8]) 

Typical power consumption for the whole transceiver unit is ~800mW[9], 
which means the laser power dissipation is of less concern than (as we will 
discuss) for free-space optical links. However, the operating voltages need to 
be under ~3volts for compatibility with 5V emitter coupled logic (ECL) and 
under 2 volt in the future for compatibility with 3.3V positive emitter coupled 
logic (PECL) drivers.[lO] Depending on the packaging one may need to worry 
about impedance matching to the laser, and desire a dynamic resistance ~50Q. 
The following table adapted from [10] summarizes the requirements: 

Data Rate 

Laser Electrical Power 

Peak Optical Power 

Dynamic Resistance 

Drive   Voltage   at   operating 

power  

Threshold 

Modal Characteristics 

1.25Gbit/sec 

<~20-30mW 

-7-1 OmW 

<-50fJ 

<2 volts (3.3V-PECL), <3V (5V-ECL) 

<6mA 

very multimode 

Table l-l: Desired Characteristics for VCSELs used in commercial 
single channel links [10] 

The requirements are not too stringent for VCSELs in single-channel, Gbit/sec 
links and this tolerance has facilitated their manufacture, but is improved 
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device scaling useful in this case? Typically the VCSFT « in tu-        ■ •    • 
are  ism,,*, A-      . .      -^"""V' ""= vc^fcLs in this application 
are  15-30um diameter proton implanted structure*   hut m    ■ , 

knst   TS-   
y Pr°Viding °PtiCal COnfinemen' «*«* "-ding I™ lensing. These improvements are not critical, bnt allow some tolerances Toe 

relaxed - for example i, is mUch easier to reach the threshold 1^« wift 
oxide apertures than with proton implantation. q<"rement with 

VCSELs for HIPPIs 
(1-D Arrays, ~1-100m interconnects) 

Although the nineteen sixties counterculture showed little interest in vertical 
cavity lasers, today High Performance Parallel In^o^mmT^l 

z^zzrz*so,u,ion-Lookin8back«R8- '-2,!«: 
Parallel Ophcal Fiber interconnects (POFIs) fall in the about the same distance 
or ess man Gigabit Ethernet, bu, have a smaller interconnect spaTg tS 
of bemg used as a network backbone, these links are a backbone for proc sc^ 
to processor connections. I, sounds similar, bu, in «he second case « 
computing^ is demanding bandwidth ramer than a bunch oflltfpT« d 
end-users  The present HIPP, standard is for connections a. 40ol 8   Mb" 

zI™over copper-But *■proposed <*** "'""-«oo sJJaid •: 

cln'uJnrf!"""" alS0men,i0n ,hat tel«<™ ^<ching inside metropolitan area 
central offices sometimes need to operate over larger distances due to snace 
considerations in Ute bunding. Here a bandwidth around loOWrt ZL^Z 
to tens of meters is likely to be needed.[l I]. 

One can imagine satisfying these short-distance high bandwidth applications 

ElectneaJ complextty and packaging considerations dictate some trade-off ^d 
in either case one would like to keep a smail torn factor.   TheTze „f *e 

max.mum AT between the package and die room temperature in order that the 



Chapter 1: VCSEL Applications 11 

package is not too hot to touch. The thermal requirements for a single fiber 
channel still allow in-plane lasers to satisfy the requirements, but the thermal 
requirements for arrays and their circuitry are a factor N more stringent (N 
being the number of channels) and designers in the real world are forced to use 
devices which have higher wall-plug efficiency at lower output power: 

VCSELsfll]. 

For array applications, eye safety issues naturally force a lower operating 
power per laser - assuming one does not build in feedback to shut off the laser. 
For an array of ten 830nm VCSELs coupled into ten fibers this means an 
maximum power of -lOOuW in each fiber. Note this number is not one tenth 
of the single channel eye safe power of ~400uW because an array of fibers 
cannot be focused to one spot. However, if one used an array of VCSELs 
operating at slightly different wavelengths coupled into one fiber then the 
maximum coupled power per laser is 40|iW. [12] 

Given the advantages of VCSELs at lower operating power, several companies 
are working on interconnects with arrays of VCSELs including Gore[ll], 
Siemens[l3], NTT[14], Honeywell[15],and Hewlert-Packard[16]. One 
example of a twelve channel link module is shown in Figure 1-3. 

To satisfy the requirement of higher efficiency and lower current at lower 
output power, not only are VCSELs preferable to in-plane lasers, but oxide 
confined VCSELs are preferable to proton-implanted VCSELs. In fact, the HP 
PONI module uses oxide confined VCSELs with I-nr^mAtlö]. 
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Module 
Housing ^ 

CMOS 
Network 
Interface 

IC 

POSAwith    ,J*°r 

MT VCSEL/PIN  "^ 
Connector Arrays 

Figure 1-3: An example of a parallel link module made by Hewlett 
Packard using flexible transmission lines to connect the 
electronics with the VCSEL/PIN arrays (taken from [16]) 

Table 1-2 summarizes some estimate of the desired characteristics for arrays. 
Unfortunately, the variation in channel spacing, variations in VCSEL 
packaging and industry confidentiality make it difficult to predict the exact 
specifications needed. Probably, at this point module design is more driven by 
what an optimized multimode VCSEL can do rather than the other way around. 

Presently, the market is very cost driven towards multimode fiber, but if 
cheaper connections to dense arrays of single-mode fiber or waveguides 
become available in the future, then this application may require single mode 
VCSELs. In which case, improvements to optical confinement in smaller 
VCSELs become more important. Nevertheless, improvements to the current 
confinement even for moderately sized 8-15um VCSELs is desired and proper 
oxide aperture and doping design has a role in this area (as will be discussed in 
Chapter 2). Note again low dynamic resistance is important if transmission 
lines are used to transmit signals to the lasers. But this requirement could be 
relaxed as the VCSEL is brought closer to the circuit (for example using flip- 
chip bonding). 
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Lastly, for reduced package size it is desirable to use integrated arrays of 
detectors and lasers, if crosstalk requirements can be satisfied. 

Data Rat« 1-2 Gbit/sec 

Laser Electrical Power/Channel <10mW (?) 

Peak Optical Power ~5mW (?) 

Dynamic Resistance <~50Q 

(assuming     no     flip-chip 

bonding) 

Drive Voltage at operating power <2 volts 

Threshold <3mA 

Modal Characteristics very multimode 

(or possibly single mode) 

Table 1-2: Desired Characteristics for VCSELs used in parallel optical 
fiber links 

VCSELs within computers 
(2-D arrays, <1m Interconnects) 

A more distant application area for VCSELs is interconnecting nodes on a chip 
or between chips within computers. Such high-speed connections are needed 
to talk to other co-processors or memory (though memory is a bit slower than 
another processor) or, more generally, to carry data within a dense electrical 
switching architecture. Here two major issues to address are (l) the extra 
power consumption and current distribution to drive bonding pads and high 
speed transmission lines and (2) packaging considerations necessary to achieve 
the desired interconnect density. 

We will discuss both these issues for electrical interconnects and then discuss 
the optical interconnect alternatives which can be modulator based or source 
based. Finally, we will use the performance criteria to motivate improvements 

to smaller VCSELs. 
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Optical vs. Electronic links inside computers 

From a power consumption point of view, there are two issues to deal with for 
an interconnect: the power lost during transmission and the switching power 
necessary even if no power is lost during transmission. The first issue we have 
discussed in the case of transmission lines in the previous section, but we will 
look briefly at this issue from a lumped element point of view. The analysis of 
the second issue (switching power) shows that is it very significant - using the 
3-5V drive voltages of the '80s and '90s, but lower signal voltages in the 
twenty first century present tough competition for an optical interconnect 
solution based upon power considerations. The conclusion drawn is that 
within a computer the power consumption per interconnect (excluding drive 
circuitry) should be well under a l mW in order to compete with an electronic 
alternative from a power consumption perspective. The following discussion 
draws upon the rudiments of an older reference [17], some of my own 
contemplation, a brief, but enlightening discussion with Professor Mark 
Rodwell, and a very helpful reference [18]. Another good discussion is in [19]. 

Electrical transmission medium losses (small compared to switching power) 

There are two ways to look at the loss of an electrical interconnect: as a lumped 
element on chip or as a transmission line between chips. When driving a metal 
line on a chip, one encounters the typical RC limit which at high enough 
frequency sets a maximum bit rate. For a simple parallel plate capacitor strip 
line, the time constant, x, is independent of the line width (if fringing fields are 
ignored) 

r = RC^J^y={RSHCL)L2 (1-4) 

where p is the resistivity of the metal, / is the thickness of the metal, e is the 
dielectric constant, d is the distance between the interconnect line and the 
ground plane, and L is the length of the interconnect. Based on some typical 
interconnect values in VLSI [20]: a 1.2 urn thick Al (metal2) interconnect layer 
with 0.05 Q-um resistivity and even a somewhat pessimistic capacitance per 
area of 50 attofarad/|im2 one obtains a 3dB-frequency roll off of 
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l      76 GHz-mm2 

2nt L 

Such a parasitic limit becomes significant (<lGHz) only for on-chip 
interconnect lengths ~lcm. However, the analysis ignores any inductance 
which actually helps counteract the capacitive parasitic (since an inductor's 
impedance increases with frequency) and the true distributed rather than 
lumped element nature of the problem when L approaches X,. Ultimately, one 
has to consider a many inductors and capacitors in a row, namely, a 
transmission line which is the limit that we discussed in the previous section. 
In that case, the attenuation limit from skin effect losses is not significant at the 
interconnect density that an optical solution presently might provide. 

Switching Power (in the absence of losses from the transmission medium) 

Even with perfectly conducting interconnect lines, there is still power required 
to charge and power lost discharging them in order to send signals (due to the 
source and load resistance). For the case of a line with capacitance, C, the 
power dissipated is energy to charge plus discharge the capacitor times the 

frequency,/ 

P = C(AV)2f (1-6) 

where AF is the voltage swing. For the example of the on-chip line with 
capacitance per area of 50 attofarad/jam2 and/=lGhz and a voltage swing of 

2.5 volts, we obtain, 
^n chip interconnect = 0.3mW/mm//im (L w) (1-7) 

where w is the linewidth in urn, and L is the line length in mm. This power is 
still pretty low in comparison to what a VCSEL might need to transmit at 
lGbit/sec (~0.5mW) unless the on chip length is several cm. 

Switching power and density considerations from output pins 

Probably a more important parasitic is the power requirement to drive the 
output pins on a chip. Even though CMOS dimensions may scale the bond pad 
sizes and packaging wires do not. At the periphery of a chip (see Figure 1-4), 
there are bond pads typically spaced by 200fim.   To add even more pins 
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sometimes there are multiple rings of these bond pads. In fact, another 
argument[21] for free-space interconnects is mainly from a density perspective 
that as chips get larger, the area available for interconnection from pads at the 
edge of the chip scales as the length, L, of a side of the chip. But the area 
available from the whole chip scales as, L2. However, one should keep in mind 
that IBM's a flip-chip bonding process (called C4) would allow electrical 
interconnections over the whole area of the chip. In addition, a ball-grid array 
can be used allowing (as many as a thousand) connections (which scale with 
area) from the package to the board.[18] 

Wire 

CMOS Bond Pad Pin 
Figure 1-4: Schematic of a CMOS chip with the pads that get connected 

to the package pins and subsequently to lines on a printed 
circuit board. Driving these pads/pins/ and lines at high speed 
takes a significant amount of power and current in today's 
chips 

But as far as switching power considerations, one must contend with a 
significant capacitance not only from the bond pad, but also the board trace. 
Typically, chips are tested with total capacitance of 50pF per pin[18].  (This 
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figure is high due to the typical length of board traces.) Again using/=lGHz 
and a voltage swing of 2.5 volts, we obtain, 

'off chip interconnect = CtiV2 f = 0.3 W/GHz (1-8) 

This power is huge! Especially if there are hundreds of pins to drive. 
However, one probably would not use traditional board traces for 1GHz 
signals. With better packaging one would drive an impedance matched 
transmission line instead of a pure capacitive load, then the power required 
essentially frequency independent (barring skin-effect losses). Under these 
assumptions, the transmission line will not draw any power, but a matched 
load (or a matched source sinking current) will, then the consumption is 

/'transmissionLine=^- = 125mW (1-9) 

for a swing of 2.5 volts and an impedance, Z=50Q. This power is still very 
high compared to the few mW of power for an optical link. 

To reduce the electrical power required, one would like to use higher 
impedance lines, but impedances over 100Q are difficult to achieve for 
microstrip lines (for coax cable it is possible, in theory, with really fat cable). 
But the other thing to do is simply to reduce the voltage swing. The limit 
encountered reducing the voltage swing is the stability of the threshold voltage. 
Design specifications for operating between 25 and 100°C, imply a 60meV 
uncertainty in V^. And this uncertainty bounds an optimum threshold around 
0.2 volts[22]. -For a 0.4 rather than a 2.5 voltage swing, the power 
consumption is reduced by a factor of forty to 

/'off chip interconnect = 8 mW/Ghz (1-10) 

/>transmissionLine=^ = 3-2mW (1-11) 

In fact, a 2Gbit/sec/pin link has been demonstrated with 150mV signal 
amplitude[23, 24], Depending on channel skew, one will need to lock to a 
clock for every nth channel. (This obviously depends whether one is using a 
bus or a star architecture.) To lock to the clock one needs a phase or delay lock 
loop and it should also be noted that for these circuits, the phase-lock-loop 
(which would be present in both optical and electrical links) consumes a much 
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larger power of l70mW[24]. However, for one central chip talking to many 
other chips, the phase lock loop can be taken off the central chip to reduce the 
power consumption by 75%[23, 24], then the power budget depends more 
upon the laser and driver on the central chip. In that case it is necessary to 
have low power laser drivers in CMOS to reduce total power consumption As 
discussed in the LAN applications section, typical drivers with ECL inputs 
consume much more power than the laser. However, groups have 
demonstrated low power CMOS drivers which consume power comparable to 
the VCSEL[25, 26]. F 

The numbers for lower voltage driving of metal interconnect lines suggest that 
for optics to be a competitive solution (as far as power consumption goes) the 
power consumed by the laser/modulator should be well under a lmW per link. 

Current distribution considerations: 

As far as power consumption is concerned, future electrical solutions are very 
competitive with optical solutions, but what about current considerations? For 
the voltage swing of 2.5V into a 50Q line, the peak AC current required is 
50mA.  So?  If you have a hundred of these lines to drive then (in the worst 
case that all the outputs were swinging high or low) you need a whopping 5A 
of current from your supply and ground But even supposing 60% are all going 
high at once, then you have 0.5A, which is still a lot of current to be routing on 
a chip.   Given these numbers, an optical solution looks very attractive   But 
using a lower future swing voltage of 0.4V, the current for ten lines going high 
at once drops to 80mA.   If one uses low threshold VCSELs, the change in 
current for ten of them going high at once will be around 2mA (assuming they 
can be operated at -lOOuW output power swing with 0.5W/A). This is a much 
lower AC current. However, with the DC bias, the power supply is guaranteed 
to have a load from all the lasers all the time of around 50mA (assuming above 
threshold bias).   A laser based solution still has a slight edge, but it gets 
narrower as voltages are able to be lowered in future chips. Thus, reducing the 
bias point as much as possible is necessary for optics to have any hope of 
competing with metal interconnects inside future computers. 
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Optical Interconnect Architecture: VCSELs vs. SEEDs 

If optical interconnections are to be used within a computer (or over short 
distances in general, such as for switching) one must decide whether to use a 
modulator based architecture or a laser-based architecture. The major issues 
for either system to address is the ease of integration both with semiconductor 
components and the external optics and the power consumption (mW/Gbaud). 
In addition, the usual issues of uniformity and stability much also be satisfied. 
Furthermore, one would also like have some magnification/de-magnification 
whereby one chip can talk to more than one other chip. (See Figure 1-5) 
Otherwise, one might as well just solder bond the chips to each other. 

mirror CPU 

Biwna.^^^iH**** 

4 CMOS chips (2 shown from perspective) 

(a) 

Distributed processors 

(b) 

3331 
(c) 

Figure 1-5: Examples of optical interconnect "magnification" so that 
one chip can talk to more than another chip of the same size, 
(a) A scheme used by Applied Photonics (b) A Focusing/De- 
focusing arrangement (c) A bus-like scheme with pass through 
that can be implemented optically (as shown) or electrically 
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The main difficulty with a modulator based interconnect system using Self 
Electro-Optic Devices (SEEDs) is that these need light incident normal to the 
surface. To bring the light in and send the modulated light to a detector array 
would require the use of beam splitters as shown in Figure 1-6. And 
connection to multiple chips can only be implemented in a bus like 
architecture. 

But the main advantage of presently of SEEDs is that they are more mature. 
Arrays with 256 modulators integrated with 4096 detectors (for multiplexing 
purposes) have been demonstrated[27]. In addition, SEEDs presently have 
more •'smartness" than source based interconnects. Specifically, FETs and 
SEEDs have been monolithically integrated to make circuits which can 
implement switching, neural networks, correlation etc[28]. This "smartness" 
is not inherent to SEEDs, because a source-detector based system can be made 
"smart" simply by flip-chip bonding it to CMOS circuitry. However, the same 
level of complexity has not yet been achieved with VCSELs and detectors. 

Modulator array 

Refractive Beam splitter 

Detector array 

Diffractive beam splitter 

Optical Source 

Figure 1-6: Packaging difficulty with a modulator based interconnect 
system. (It gets even worse for two-way communication) 
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The "on-chip" power consumption for a SEED/Detector based system is 
relatively low. For a lOxlOum modulator (with a lOOfF capacitance) and 

AV=3 volt, the drive power is[29]: 
PSEED ~\mWI{Gbitl sec) (I -12) 

This consumption is lower (but not dramatically) than the electrical power 
consumption (~3mW) described above for low-voltage interconnects. The 
total dissipated power will also include some optical power from the source 
which does not arrive at the detector array. If the optical elements are efficient 
at directing the optical power on the array and to the detector, then one needs 
only carry enough power for the receiver -O.lmW/channel. Budgeting for 
some power absorbed by the SEED (say 50%) incident power, then SEED 
dissipated power is l.lmW/Gbaud. However, if the optics are not efficient, 
one would need high power incident on the SEEDs and they could easily 

consume several mWs/Gbaud. 

The SEED technology is relatively mature, but VCSEL technology is catching 
up with SEEDs in both the essential areas: device integration and device 
performance.   A major issue being addressed at UCSB is the monotlithic 
integration of VCSELs and photodetectors in a manner compatible with flip- 
chip bonding to driver circuitry.    A novel way to.do this which Duane 
Louderback and I came up with is to use lateral oxidization of AlGaAs to 
create a high reflectivity bottom mirror while leaving un-oxidized an adjacent 
mirror to be used as part of a resonant cavity photodetector. (See Figure 1-7.) 
Although the oxidation dramatically changes the refractive index (from ~3 to 
-1.6), it is possible to design the layers in such a manner that the resonant 
wavelength of both structures is the same.2 The other "nice" features about this 
design are that it requires no regrowth, and it uses substrate coupled 
lasers/detectors so the devices can easily be flip-chip bonded.   Many more 
details about the design and its successful measured performance will be 

described in Duane's thesis. 

2 Note there is no way to make the optical thickness of a period Ml in both cases, but the 
out of phase reflections can be kept away from the cavity. 
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Oxidized 
DBR 
Mirror 

High reflectivity 
for lasing 

Medium reflectivity for 
efficiency, bandwidth 

GaAs Substrate 

Figure 1-7: Technique for monolithic integration of Vertical Cavity 
Lasers and photodetectors - a key step needed for creating a 
VCSEL-based interconnect architecture 

Aside from easy integration with other components, it is also necessary for a 
VCSEL/Detector based interconnect scheme to reduce the power consumption 
at a given data speed in order to be competitive with an electronic solution. 
This is a major issue being addressed in thesis. As we will describe in the next 
chapter, improved wall-plug efficiency at lower power and improved 
modulation current efficiency can be achieved by scaling the size of the device, 
provided one can remove prohibitive parasitics like optical scattering losses 
and current/carrier leakage. The major thrust of this work is to characterize 
and remove these parasitics through improved design of the oxide apertures in 
VCSELs. The drive power requirements for VCSELs in these systems 
obviously depends upon the receiver sensitivity and the what fraction of power 
is expected to be lost through the optical system. However, the results from 
this work imply that if the average output power of the laser is around 100- 
200|aW (which is plenty, if the receiver can get it all), then the power 
consumption will be around 0.5-lmW which is comparable to the power 
consumed by SEEDs. 
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VCSEL Characteristics for free-space interconnects: 
23 

As discussed above, the wall-plug efficiency of a VCSEL at low powers (total 
consumption <lmW) is very important to be able to compete with an electrical 
solution and with alternative modulator based interconnects. Also it is 
necessary for the VCSEL to be able to operate a high-speed (~GHz) at these 
low powers. But with improvements to the design (namely, thin oxide 
apertures), that the work presented here helped motivate, the 3 urn diameter 
VCSELs of Brian Thibeault demonstrated -3dB frequency of 4GHz with only 
50|aW output power[30]! Thus, properly scaled small devices should have no 
problem reaching Gbit/sec transmission at low power. 

In addition to power and speed requirements, the VCSEL should be single 
mode not only to avoid mode competition noise but also to avoid optical 
crosstalk as the mode is sent through the collimating optics. Further one would 
like the operating voltage to be well under 3V so that it could be directly 
driven by lower voltage CMOS circuits. Smaller VCSELs have higher 
resistance, but the lower output power required helps reduce the drive voltage. 
In addition, if the VCSELs are flip-chip bonded directly to driver circuitry then 
matching issues with transmission lines forcing the need for ~50Q dynamic 
resistance is not as critical. The threshold naturally needs to be low for higher 
wall-plug efficiency at lower output power, and low-threshold is definitely 
desired to reduce the quiescent current. As we will discuss in Chapter 6, the 
optimized single-mode VCSELs presented here with a wall-plug efficiency of 
20% at only 150|iW output power are presently the state of the art in terms of 
meeting these requirements, but even further progress is desired for this 
application. 

Data Rat« 1-2 Gbit/sec 

Laser Electrical Input Power As low as possible < 1 mW 

Peak Optical Power 1-2mW 

Resistance not critical 

(so long as V<2.5volts) 

Drive Voltage at operating power <2.5 volts 

Threshold optimized for min operating power 
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Modal Characteristics single-mode 

Table l-l: Desired Characteristics for VCSELs used in free-space 
interconnects 

VCSELs for Printing 

Just as we have seen density considerations drive the need for improved 
smaller VCSELs in communication, we can see the a similar trend in laser 
printing. In desktop and some larger scale laser printers, the laser and mirrors 
for deflecting the beam essentially replace the flashlamp and focusing optics in 
a photocopy machine. (Note: There are other types of laser printers which 
require high power lasers for thermal dye ablation/transfer or for exposure of 
photographic silver halide materials[3l]) For background, the xerographic 
process is shown in Figure 1-8. The key component in the process is 
photoconducting material which behaves as an insulator in the dark, but a 
conductor in the light. This photoconductor on the drum is first charged 
electrically, then laser light is used to selectively make the photoconductor 
conductive so that it will discharge to the lower potential drum. The remaining 
charged photoconductor on the drum then picks up toner which is subsequently 
fused to the paper. Further details of this process can be found in [32]. 

Let us now consider the fundamental power and speed issues. Suppose we 
have a given dot density on the photoconductive drum, which dictates the 
number Np of dots per page and it takes an energy ED to expose one dot to 
make it conductive. The time, tp to expose a page is given by: 

PTL       NLALPD 
U U) 

where PJL is the total power from the laser or lasers which is not lost by 
focusing optics. Ni is the number of lasers, Ai the area of a laser beam and 
PD the fraction of the power density from a laser which is not lost by focusing 
optics. This analysis assumes that the exposure process is not limited by the 
transit time of the charge to ground and no non-linear optical effects are taking 
place and should work for photoconductor exposure times (tp/N£/Ni) from 
3usec to lsec[32].   From the right side of Eq. (1-13) we see that we can 
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decrease the exposure time by increasing the total optical power which can be 
done either by adding more beams at the same power (to simultaneously 
expose different dots) or increasing the power from a single beam. 

(5) Hot Fuser Rolls to stick 
toner to paper 

(l) Electric field to charge photoconductor 

(4) Electric field 
to transfer charged 
toner to paper 

(2) Laser Beam 
Selectively 
Illuminates 
Photoconductor 
to discharge it 

Rotating drum 
with photoconductor 

(3) Toner in carrier 
deposited on charged 
photoconductor 

Figure 1-8: Schematic of the laser printing process (adapted from [32]) 

If one increases the power from a single beam the scan speed of the beam 
across the page must be increased. The beam is typically scanned across the 
page using a rotating mirror (or actually several mirrors on the outside of a 
polygon - See Figure 1-9). Higher scanning speeds require higher priced 
motors. Consequently, even being able to use two or four lasers is a major cost 
savings.   (Two element arrays are already in manufactured printers.)   The 
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extreme approach that Xerox hopes to take is to use an array of ~ 14,000 lasers 
with one for every dot across the width of a page. In that case no motorized 
scanning mirror is required.[33] One advantage that we will discuss in the next 
chapter is that properly scaled smaller lasers can reach a higher power density 
than larger ones. So if one can increase the number of lasers to compensate for 
the reduction in area, then one will have more total power (which is an 
equivalent measure of print speed). 

Laser(s)+Optics 

Rotating 
Polygon mirror 

Rotating drum with photoconductor 

Figure 1-9: Scanning mechanism in a laser printer - a side view of 
Figure 1-8. (Adapted from [33]) 

The actual amount of power necessary also depends upon wavelength and the 
photoconductor used, and generally the materials are more sensitive to visible 
rather than infrared light (wavelengths <800nm are required), but using an 
energy density typical in the red of 10mJ/nr[32], then to print one 8.5"xH" 
page in one second would require 0.6mW. Of course, this power can be an 
order of magnitude higheT depending upon the throughput of the optics. But if 
an array of lasers is used then one can easily get that order of magnitude back. 

The laser beam in these systems needs to be pretty clean which normally 
means using a single mode laser (or at least single-mode looking), but possibly 
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one could also use a heavily moded large VCSEL which would still look okay. 
Thus, to put VCSELs to use in this application means moving towards arrays 
of many VCSELs with relatively low power. As array size increases 
improvements in scaling to increase the power density and decrease the 
thermal load become important. 

Final Comments and Summary: 

A system perspective provides an understanding of where VCSELs may be 
employed in the future and what issues need to be addressed. But it is not 
always the best perspective because often times technology is more of a 
chicken and egg problem (i.e. which should come first) and people working on 
one technology (e.g. high performance optical interconnects) may have no 
application until another technology (e.g. packaging) improves. So sometimes 
it is necessary to improve a technology without an existing application, but 
existing needs are not a bad starting place. 

In this chapter, we examined applications for both data communication and 
laser printing. In both cases we have seen that the scaling of VCSELs becomes 
important as the array size increases. Scaling the VCSEL is not so much 
needed to allow more VCSELs to fit in a given space as it is to minimize the 
thermal and electrical load of the whole array. Perhaps in the future scaling 
will also be needed for higher speed per channel. Figure l-lO pictorially 
summarizes the different VCSEL structures to meet the different requirements. 

Already proton implanted VCSELs are being employed in single channel data 
links to meet Gigabit Ethernet and Fibre channel standards. And soon VCSEL 
arrays will be available for multichannel higher speed links using multimode 
fiber over shorter distances in parallel computing applications and in phone 
switching centers. And moderate improvements in optical and electrical 
confinement through the use of oxide apertures are needed to help satisfy the 
requirements for these -10 channel arrays. 

Perhaps future requirements for multichannel fiber links will force further 
improvements in confinement for higher speed, but the most demanding 
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application   for   VCSELs   is   free-space   optical   interconnections   within 
computers. 

(a) 

Type: Proton Implanted 
Size: ~l5-30um 
Modedness: Multimode 
Application: Single 

channel, l .3 Gbaud 
data links, ~l0-200m 
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(c) 

Type: Oxide Confined 
Size: ~10-20um 
Modeness: Multimode 
Application: Multi 

channel, 1-2 Gbaud 
data links,-1-100m 

Type: High Performance 
Oxide Confined 

Size: <6um 
Modedness: Single 
Applications: Multi 

channel, Multi-Gbaud 
data links, <10m 
and laser printing 

Figure 1-10: Summary of various VCSEL applications and an 
applicable structure. The necessary VCSEL size (and design) 
scales with application requirements. (We have ignored 
etched pillar devices since industry is already leapfrogging this 
structure in favor of planar oxide confined structures.) 
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The analysis of electrical interconnection vs. optical interconnection within 
computers suggest that with present day drive voltages for pins and board 
traces that an optical interconnect solution has almost a hundred-fold 
advantage in terms of power consumption at gigabit speeds (in terms of the 
power to send the actual signal), but if drive voltages are reduced to the values 
present in research interconnects, then electrical interconnect power 
consumption is on the same order as optical interconnect power consumption. 

If free-space optical interconnects are to be used, then one would like to use a 
convenient, low-power architecture. Previously VCSELs seemed only more 
attractive due to packaging considerations, and SEEDs seem more attractive in 
terms of power consumption and the ability to integrate easily with detectors 
and transistors (though unattractive in terms of other packaging 
considerations). However, my work and my colleagues work at UCSB has 
helped both to improve the efficiency of VCSELs at low power (and smaller 
sizes as desired for single-mode operation) and to ease the integration of 
VCSELs and detectors making VCSELs more competitive with a modulator 
based interconnect solution. 

Lastly, laser printing may become another application for VCSEL arrays. The 
power requirements per laser fall as the number is increased, driving 
improvements in the efficiency in single mode smaller VCSELs. 
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Chapter 2: 
Scaling of VCSEL Parameters 

Introduction: 

The major success of semiconductor lasers has much to do with the ability to 
scale the device size.  Not only are semiconductor lasers more convenient to 
handle and package than much larger gas lasers, but also their smaller volume 
makes possible much higher direct modulation speeds and higher efficiency at 
lower output power. Consider that gas lasers like the C02 laser can have high 
power conversion efficiencies of 20-30%, but at output powers around several 
kilowatts. Typical in-plane lasers can reach such efficiencies at powers around 
of tens of milliwatts and the VCSELs presented in this work can reach those 
efficiencies at powers around hundreds of microwatts.   Scaling down from a 
gas laser to an in-plane semiconductor laser involves both (1) shrinking the 
cavity length with similar reflectivity mirrors (which is possible because the 
increased density of atoms in a solid relative to a gas creates a much higher 
gain per length) and (2) shrinking the cross-sectional area (which is possible 
because of fabrication techniques which circumvent otherwise significant 
parasitics.)   Similarly, fabrication of vertical cavity lasers can be viewed as 
another step in the continuation of scaling of the laser size. The scaling from 
in-plane lasers to vertical cavity lasers is again involves both (1) shrinking the 
cavity length (by about a factor of a hundred) which is permitted by using 
higher reflectivity mirrors, and likewise, shrinking the cross-section area which 
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is possible with improved fabrication techniques to avoid parasitics. This 
second step is key to improved performance, and a central topic of this thesis. 
In this section, we will examine the both the advantages that scaling the area 
has to offer and the limitations to doing so. 

Ideal Scaling 

In this section, we start with some very simple assumptions about laser 
characteristics and examine the consequences for scaling of various VCSEL 
parameters in order to present the benefits of ideal scaling. In a later section, 
we will discuss what happens to this picture when the parasitics come into 
play. 

Slope Efficiency, Threshold current density, Diode voltage drop 

Under ideal scaling, the slope efficiency (photons per electron or hole 
injected), r)EX, of a VCSEL would remain the same at all sizes and the broad 
area threshold current density, Jm and voltage drop across the active region, 
Vß, would also be constant for all sizes. Thus, the threshold current, /j//, 
would drop with R2. These assumptions imply that there are no excess optical 
losses at any size, that the injection efficiency is also constant, and that there is 
no lateral current or carrier leakage. However, we're not assuming everything 
else is so perfect. 

Electrical Resistance 

Ideal scaling (at least in this description) still implies varying electrical 
resistance, /?£. For an etched pillar of radius, Rp, (as shown in Figure 2-1 for 
the case of R=Rp) the resistance will be dominated by the current transport 
through the pillar and vary approximately as \/R2. This scaling is very 
detrimental to device performance even though the pillar is sometimes a 
convenient geometry for exotic microcavity VCSELs or those using impurity 
induced disordering. What is even worse is that the current must all move 
vertically through the structure, and as we will discuss in the next chapter, the 
vertical conductivity is several times higher than the lateral conductivity. For 
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the case of an apertured device, there is not an exact analytical form for the 
resistance, but for the case the aperture is flowing current into a semi-infinite 
region of uniform, isotropic conductivity (i.e. the pillar radius is much larger 
and further away), then the resistance varies as \/R. This scaling is not only 
observed experimentally for top contacted apertured VCSELs as will be 
described in the device results section, and but also this \/R scaling is observed 
for intracavity contacted devices[l]. 

It is useful to do a bit more analysis to determine how big to make Rp-R in 
order to be in this 1/Ä scaling regime. Even with differing lateral, pL, and 
vertical resistivities, py, one can determine an approximate analytic expression 
valid when the aperture radius is large compared to the pillar height by adding 
a pure vertical resistance, Ry, within r<R in parallel with a lateral-vertical 
resistance, Riv, for r>R. The lateral-vertical resistance is determined by 
assuming the radial current flow looks like flow into a bar of width 2nr and 
using the resistance for such flow as also determined for flow under finite 
length contacts for contact resistance measurements[2]. 

_L = -L + _L = ^l + ^S=tanh(AÄ/L5M) (2-1) 
RE     Rv     RLV     hpv     JPVPL 

where AR = RP-R and the characteristic length, L^, = hJpy/pL .   More 

interesting to look at is the ratio of the total resistance, R£, to the vertical 
electrical resistance, Ry, through a pillar of radius RA- 

RE_ = 1  
Ry     \ + {2LSM/R)tanh(AR/LSM) 

at —; r (for short oxidation) (2-2) 
1 + J2AÄ/Ä) 

■ (for long oxidation) 

Because of assumptions we cannot expect this ratio to be that accurate, but we 
can use it to get a good enough idea how big to make AR. We see there are 
two length scales involved: For short oxidation, &R<LSM/2, (which is 2-4 
times the pillar height), then improvement depends roughly on the oxidation 
depth in comparison to the aperture radius. For, say a factor of ten reduction in 
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resistance relative to the etched pillar, AR>5R. For a 3um diameter aperture, 
we would need to oxidize 8|am which is still in the "short-oxidation" regime. 
Of course for long oxidation the improvement reaches a maximum indicated in 
Eq. (2-2). One must find some compromise because too long an oxidation will 
increase the parasitic capacitance and limit the speed of the device even though 
the DC resistance is lower. 

For the case of 7um high mirrors for X= 1.55urn, full three-dimensional current 
flow analysis of this problem has been performed by Near Margalit[3] using 
the ATLAS program. The results show that the rule of thumb I derived above 
works fine in the "short oxidation" regime, though the improvement levels out 
more quickly. There was little (<5%) improvement once the oxidation/etching 
depth AR was over ~15um 

'SM 

Figure 2-1: Current flow in the mirror of an apertured VCSEL. 

Wall-Plug Efficiency 

Given the size dependence to the resistance let us next examine the size 
dependent of the wall-plug efficiency under ideal scaling. Typically the peak 
wall-plug efficiency occurs well before thermal roll-over (because of the I2R 



Chapter 2: Scaling of VCSEL Parameters 37 

term)1 so we will put off thermal effects until the next section. The two 
important cases to consider are when the resistance scales as 1/R and as 1/R2. 
We begin by assuming a simple dependence for the voltage so the wall-plug 

efficiency is given by 

PQUT _ PQUT _ {j. 

PIN        VI      (VD+IRE)I 

rOUT      rOUT _        rOUT n ->\ 

We also assume a linear L-I curve so that 

/ = W/(to^)+% (2-4) 

Vp=h\lq is the photon voltage, POUT is me power out, and IjH is me 

threshold current. 

Let's now take a look at scaling. If one kept the output power constant, then 
one always must provide a minimum current even if IjH^®- Consequently, the 
increasing resistance at smaller sizes (as 1/R or 1/R2) will eventually bring 
down the wall-plug efficiency (at a constant power). However, this simply 
means that peak efficiency occurs at lower powers for smaller size devices. 
But the scaling of this optimum operating point depends on the scaling of the 
resistance. In general, we can find the output power, PoPT at which the wall- 
plug efficiency is a maximum {dxx^i'^^=0). This occurs at a power of 

POPT = HEX 
V

P
1

TH ^ 
+

 VD/{ITH
R

E)    (at max 7WP ) (2'5) 

and the factor under the radical is the number of times threshold where the 
maximum occurs. 

Case I: Rß-1/R2 

For the case of an etched pillar without an aperture or a very short oxidation, 
RE=B/R

2
, where B is' a constant independent of radius. The threshold 

IJH^TüBAR
1
 scales inversely of the resistance. Then (using Eq. (2-5))the 

output power, PoPT-> where the wall-plug efficiency is a maximum also scales 
with/?2: 

POPT = VEXVP*JBAR
2

 J\ + VD/{JBABX) = PD0R
2 (2-6) 

' This is not true for very large devices as we see in the next section. 
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This implies that the peak wall-plug efficiency always occurs at a particular 
power density, PQO, which further implies that the peak wall-plug always 
occurs at a particular current density, JQO. This leads to the conclusion that 
(under this scaling of the resistance) the maximum wall-plug efficiency is 
constant with size! (although the power at which this maximum occurs gets 
smaller with size) 

VWP 
rD0 

PEAK (VD+JDOxB)JDO 
= Indepedent ofR! (2-7) 

Although scaling will not improve the peak wall-plug efficiency, it will 
improve the efficiency at lower powers. 
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Figure 2-2: Ideal scaling (constant J77/, n.EX) of power for peak r^ and 
value of peak r^ for the case that Rß-VR2. This graph also 
applies conversely to give the optimum device radius for a 
given output power. 

Another related problem to solve is to start with a given output power P0UT0, 
and ask what is the optimum radius device, RoPT, for the highest wall-plug 
efficiency at that output power.   Here we set dx\y^ldR=0 and solve for R. 
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However, it rums out that the optimum radius is just given by inverting Eq (2- 

6). So the optimum radius RoPT~"(POUTÖ)m- This mav seem obvious, but 
these problems give different answers in the next section. Figure 2-2 graphs of 
the scaling using some optimistic typical values: r|EX=0.6, .^=1.26, Vjy=\3, 
B=5.04kQ-um2, J&4=500A/cm2. 

Case II: RE~//R 

When the depth of the oxidation or etching is sufficiently large, then for 
intracavity contacted or p-mirror contacted devices the resistance 
approximately follows R£=C/R, where C is a constant independent of radius. 
We can again use Eq. (2-5) to determine the output power where the wall-plug 
efficiency is a maximum, 

POPT=VEXVPKJBAR
2
^ + 

V
DI{JBACXR) (atmax7WP)   (2-8) 

At large sizes PoPT ~R2 which implies the peak wall-plug efficiency occurs at 
some constant power density and constant current density as R -> 00. But 
when Rg-l/R, then a constant power and current density implies that the peak 
wall-plug efficiency falls off as T\WPEAK~1/R for large R. 

The other extreme isi? -> 0, and we see that Popr~R3n. Turning the crank 
further, we find that 

Unlike the case for RE~\/R
2
, the peak wall-plug efficiency actually increases at 

smaller sizes and eventually reaches its maximum value ofr\EXVp/V[) for R=0. 

The other problem to solve is the determine the optimum radius, RoPT> f°r a 

given output power, PoUTO- Because the peak wall-plug efficiency improves 
with smaller device radii, it actually is advantageous to choose a device of 
slightly smaller size such that POUTO^^OPT rather than use the larger size 
device at which POUTCFPOPT- This is a subtle distinction, but it does make 
some difference. To find the operating point, we compute the combination of 
R=ROPT and POUTO which satisfies rfnWP/c/A=0. The scaling is indicated 
graphically in Figure 2-3. (As R -> 0, R0PT~if *OUT0)V''•) 
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Regardless of the differences between these two problems, the main trends are 
clear. When the resistance scales as \IR not only do smaller devices provide 
higher wall-plug efficiency at lower power, but also the peak efficiency is 
higher in general at lower output powers. 

Figure 2-3: Ideal scaling (constant Jjfj, r\EX) of power conversion 
efficiency for the case that R£~\/R. The solid lines indicate 
the power, PoPT, where the peak v\w occurs and its value at a 
given radius. The dashed lines are for the converse problem. 
For a given power, the dashed lines indicate the optimum 
radius, ROPTXO choose and the r\w at that radius and output 
power (Parameters: r|EX=0.6, .Vp=\.26, Vjy=\3, 
C=684Q-um, J^=500A/cm2) 

Operating Voltage 

Maintaining low operating voltage is extremely important given that voltage 
supplies running around on circuits keep going down. Already 2.5 volts is a 
maximum for many applications.   We know if we keep the same operating 
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current, as we reduce the size that that the resistance will skyrocket and so will 
the voltage, but if (as in the case that RE~VR

2
) the power density is held 

constant in order to keep the operating point at peak wall-plug efficiency, then 
the operating voltage will remain constant with size. In the case that the 
resistance scales with as Rß-l/R, then the operating voltage will go down 
approximately as VD + ^VDCJBAKR (for small R) when the power or size is 
set for peak efficiency. So scaling may not be so bad for the operating voltage. 

Heating 

So far we have ignored heating effects, but now let's examine the scaling of the 
temperature rise. For an etched pillar or an apertured device of radius, R, the 
thermal resistance will vary approximately as l/R in theory and in experiment 
as confirmed by many others measurements of VCSELs. And the temperature 
rise is given by 

AT = RTHPD 

PTH p 
~WPOUT JL-, 

A 

VWP 

(2-10) 

If we keep the same output power, eventually the increasing thermal resistance 
will be a show stopper as size decreases, but we can ask again what happens if 
instead we try keep the same power density, Pß, as we would like to in order 
for maximum wall-plug efficiency (for the case that i?£~l/i?2)- Then, as 
discussed above, r]^ is constant with size and the temperature rise will vary as 

AT=PHL„R2pi 
AR TlWP 

~R (2-11) 

Thus, the temperature rise actually gets lower with size. This implies that if we 
were to include thermal roll over in the previous analysis of the wall-plug 
efficiency (still under the other assumptions of ideal scaling, namely, constant 
JjH, HEX), that the peak efficiency (rather than being constant for all sizes as in 
Figure 2-2) would drop at larger sizes. 

For the other case that the resistance scales as RE~VR, the math is uglier, but 
as R->0, then PoUT~Rm f°r me optimum wall-plug efficiency. Then, AT~Rm. 
This is slightly worse scaling of the thermal drop, but it still is lower at smaller 
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sizes.   Both cases, imply another important point- the ««.t „ A     ■ 

Modulation Speed: 

The modulation bandwidth of VP^PT c ~„    u   *■      , „ 
-nance. F„r bias ^ ™ y

L J^ ^o" -'-.ion 

earner clamping, toe fequency of „,3 ^ ^ ™£ ™« **e 

f _ 1 Tv   ^ 1I/2 

2K 

= MCEF(I-Imf2 

r  r r ,v ^ ii/2 (2-12) 

Provided the damping and parasitics are not too laree the IHR 
bandwidth is about 1 55 fj>   Here V-^2r     I modulation v,ui I.JJJR. were V-nR^L is the cavity volume and r    ;* +u 

t.      . *   ESSentla"y, this means that smaller vrscr <■ „ 
reach a g,ven bandwidth whh much iower current and p wet F™ Eq   " 

iwr^eTti WOU1
H 

have no advanmge f- * « 
the gam .„creases me differential gain drops due to heating ™ 

"L:: :;thr,to WT abom scaiin8 ,o ^ ** ^••>- P oecause oi the shot-noise limit since the noise floor RTM i/z> 
However, around lOOuW, this is typically not a concern ^^ 

Yield 

Device yield is limited by many different process parameters but for VCSFT 

— HmogmphiC, A, ^IfpLtr^ttr: Z 
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device becomes much more important, but let us assume for the moment that it 
is possible to have precise control over the area of the device, then the yield for 
an array of VCSELs is limited more by the defect density, pD, on the wafer. In 
that case the probability of a given number of failures is a Poisson random 
variable[5], and the yield, Y, for an array of N devices is found from Y = 1- 
{probability that at least one device has defects in the active region} and is 
given by: 

Y = exp{-pDnR2N} (2-13) 

So we see that as the array size increases it is better to be using smaller devices 
for similar yield. This principle may also apply even without ideal scaling, but 
if the operating current density or temperature in the active region is 
significantly higher in smaller devices they will be apt to degrade more readily. 

Summary of benefits of ideal scaling: 

The analysis in this section has shown that despite increasing thermal and 
electrical resistance at smaller sizes, the device properties can improve at 
smaller sizes for lower operating powers if the broad area threshold current 
density and slope efficiency can be kept constant with size. The following 
table summarizes the different trends: 
Parameter Size Dependence 

Long Aperture Short/No Aperture     | 

••TH 
constant constant 

TIEX constant constant 

RE ~1/R ~1/R2 

Porr = Power for peak r]^ ~R3/2 (as R->0) ~R2 

Tlwp a* °OPT TasR4 constant 

Voltage (at P0PT) lasRl constant 

RTH ~1/R ~1/R 

ATatP0Pr ~R1/2 (as R->0) ~R 

MCEF ~1/R -1/R 

MAXf3dB tasRl f asRl 

Yield (limited by defects) exp{-pDN7tR2} expl-PoNnR2} 
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Barriers to Ideal Scaling 
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different depthsfl]. And an extensive discussion of scattering losses due to 
modal mismatch apertured VCSELs and experimental measurement of losses 
will be given in the Chapters 4 and 6. For now, let's just look at the 
consequences of excess losses. 

* 
* 

rsLs^eacaF»»»aEf» 

? 

(a) (b) 

Figure 2-4: Optical scattering loss mechanisms from roughness 
(straight arrows) and from modal mismatch (curved arrows) 
for (a) an index apertured structure and for (b) an etched pillar 
structure. Chapter 4 provides further discussion of (a). 

The excess optical losses which are a combination of these scale approximately 
as 

h = 
' R ^ 
\RS J 

(2-15) 

In etched pillar devices, this size dependence is measured experimentally and 
expected theoretically from both modal mismatch [6] and roughness [7] in 
etched pillars devices. (Babic estimates the size-dependence of sidewall 
scattering losses by examining a corrugated waveguide in [7]). For index 
apertured devices, the scaling law is less accurate, but still roughly true in both 
theory and experiment (as discussed in Chapters 4 and 6). 

The key point for now is that these scattering losses increase rapidly below a 
characteristic radius. Once the losses turn up, other device characteristics 
quickly degrade. Increased losses not only mean a lower slope efficiency, but 
also an exponentially higher threshold (-/r/f-expCts)). This higher current in 
the active region in turn leads to increased lateral leakage current and further 
increase in threshold. 
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AITH .= -2- + RylnJBAI0 = some constant + Ä(some other stuff)      (2-16) 

This scaling is very similar to the scaling of the leakage due to diffusion under 
the assumption of no current spreading. Since both mechanisms involve flow 
out the edge of the device one expects some scaling with device perimeter. 
Thus, it is hard to separate their effects when fitting the size dependence of the 
threshold current. On the other hand, this means it's easy to fit any kind of 
leakage current with a single size-dependence. 

3SS 

Z^J^%^.T^^: 

Figure 2-6: Lateral leakage from spreading of the current between the 
active region and the aperture and diffusion of carriers in the 
active region 

It may appear as though current spreading above the active region would mean 
that above threshold one is also wasting current laterally and the injection 
efficiency should go down. However, the analysis in Chapter 5 and 
experimental evidence in Chapter 6 will show that because the diodes in the 
active region clamp, this is not the case. Only a small decrease in the injection 
efficiency is expected. 

In the case that current spreading is significant then the carrier density injected 
into the active region already has a much smaller gradient than would exist if 
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current spreading were absent. Consequently, lateral carrier diffusion shonld 
be low However, ,f cnrrent spreading above the active region car, be 
eliminated then the gradient in the injected carriers is much larger so «he 
«to« of the threshold (forgetting about optical scattering losses) is limited by 
the diffusion of earners in the active region. 

"The paling of tine diffitsion current can be found approximately from solving 
tile equations for dtflhsion and recombination in the region r>R which does no. 
have any injected current: 

Ir=-qDt(2w) — 
dr 

dl, „ (2-17) 
T-*-.(2»r) 

tZ ^ 'V radial CU,TCffl' 'iS "" ****" °f ,he la*er ™* «* «*r diffusion (the quantum well or SCH thickness), D is the diflusion constant and 
r K tine reeombinatmn time (assumed independent of n). The equations can be 
rewritten m a normalized coordinate r^ where I^Z*)-    One then 

^''''"■^^'ä'^^ 4)      (2-18) 

where Wß and ^ and K, are the modified Bessel functions of the 2* 

»In » JT ' apProximate «Pression on the right holds although as 
*H RMK,(RNyKo(RNno. To really be accurate, one must use the cot« 
c^erconcemrauon at R which a. small size R~LD may differ a fair amount 
from the earner concentration in the center. However, the approximations of 

rbarZ T^" TV" difflBi0n C°nStant bd"8 tad« "f « - probably bad enough that pursuing greater accuracy within this model is a 
moot pout   The mam message here is that the excess current a, threshold 
c^es roughly wim R + (some constant), whkh „  .^ ^ 

current spreadmg.    The other point to consider is mat when reasonable 
Affusion const»« are chosen 5-2<W/sec, men me diflhsion currem 
ryptcally much less man the current spreading assuming some ave Je 

"and?' "" - —"» °f - —« - * give» 8m 
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Removing lateral carrier diffusion is a difficult problem for VCSELs which 
will not be addressed in this thesis. Already millions of dollars have been 
spent at UCSB trying to remove lateral carrier diffusion in VCSELs without 
major success but perhaps regrowth is the most likely candidate for solving this 
problem. 

Impact of Optical Scattering loss and Current/Carrier leakage: 

Figure 2-7 compares how the various optical and electrical loss parasitics will 
effect the scaling of the threshold current. Realistic numbers were chosen as 
detailed in Table 2-2 (e.g. the scattering loss is approximately that from an 
80nm thick oxide aperture in the first mirror period), but the curves are 
presented mainly to show how they change qualitatively. 

I i i i 11 i i i i I i i i i | i i i i | i i i i | i i i i 

Scattering Loss 
+ Current Spreading   - 

Current       |dea| Sca|jng     . 
Spreading     ,   _,   „«2 

1.5     2    2.5 
radius (|im) 

Figure 2-7: Scaling of threshold with various parasitics 

For example, only excess optical losses can cause the curves to turn up at small 
sizes (This fact does not imply that if a measured /77z vs R curve does not turn 
up that there are no excess optical losses, but the converse is true.) 
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For the wall-plug efficiency, we expect under ideal scaling that smaller devices 
will be better for at lower powers and that the wall-plug efficiency should be 
higher at lower powers (using the optimum device size) provided the 
resistance, Rg~l/R. Figure 2-8 shows what happens when we have parasitics. 
To generate the curves, the wall-plug efficiency vs. size was calculated for a 
given output power, then the optimum size for a given output power and the 
corresponding wall-plug efficiency was found. The parameters and equations 
of model are pretty simple and shown in Table 2-2. The scaling of resistance is 
better than in the devices measured in this thesis and represents what might be 
characteristic if optimized carbon doping was used. The current spreading 
parameter was chosen to be characteristic of the best performing devices in this 
work. But again, let's first explain the plot qualitatively. 

In general, the optimum radius is smaller as the output power is lower. But 
when scattering losses occur, the slope efficiency drops rapidly below a 
particular radius (in this case 2um), this forces the optimum device sizes to be 
larger than this radius. When scattering losses are eliminated, but current 
spreading remains, then the optimum radius is slightly lower than the ideal 
case because it is still advantageous to shrink the size for lower threshold 
(Though resistance increases slightly over the ideal case this is less of an issue 
at larger sizes). 

The main point to take from Figure 2-8 is that the optimum radius is <~3um, 
for output powers below lmW and that at these small sizes eliminating 
parasitics has a large effect on the wall-plug efficiency obtained. Essentially 
removing excess optical losses and reducing current spreading is important for 
improved efficiency at output powers <lmW. We only showed the case of 
RE~l/R; SO we should remember that the ideal scaling curve in Figure 2-8b 
would be flat if RE~\IR

2
. 
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Figure 2-8: Effect of current spreading and scattering losses on the 
optimum size for the highest r)wp and its value vs. power 
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Z5=0.3(%RT)(tf/*o)~ 
■2.7 

J
ACT=JBA

Q
*V(LSIG0) 

I ACT ~JACT^R 

ITH=lACT+Io^ + ^ACTli 

HEX = 7/ 
T + Loj+L BA 

I
 
=
 
P

OUT/(>7EX
V

P)+I TH 

RE=CIR 

V = VD+IRE,rJfvP=POUT/(vi) 

R0 =2/jm 

G0 = 1.06%RT (for 3 - 8nm InGaAs wells) 

JBA = 500A/cm2 

7o=100//A 

r = 0.7%RT,I^=0.2%RT 
li = 0.9 

^=1.26 

C = 684Q-/mi 
VD =1.3volts 

Table 2-2: Relations and parameters for calculations in Figure 2-7 and 
Figure 2-8 

Resistance-Capacitance Speed Limit 

A barrier to the higher modulation bandwidth expected in smaller VCSELs is 
their higher resistance in combination with the capacitance.   However, we 
should note that one must consider the dynamic resistance which is affected by 
the amount of capacitance.    Figure 2-9 shows why.   Either in intracavity 
contacted or mirror contacted devices, the RC limit is given by the source 
resistance, Rs, in series with the dynamic resistance, Rp, times the dynamic 
capacitance, CD .i.e. x=(RTDCD)=(RD+RS)CD.    If the frequency is high 
enough then the resistance, RQ, one encounters is pretty low, since the current 
will be flowing straight down to the aperture.   In an intracavity contacted 
device there are no mirror periods to go through so the Rp at high frequency is 
even lower.   In this case the total dynamic resistance at high frequency is 
RTETR^SO- no matter how small the aperture is.   For the case of a mirror 
contacted pillar of radius, Rp, at high frequency the time constant x becomes 
frequency independent because (C£r~Rp2)(RD~VRp2 + /?5}~(constant + Rp2). 
In both cases, the high frequency limit still depends on the pillar radius because 
of the capacitance in combination with the source resistance.  Thus, reduced 
capacitance with thicker layers or less area is somewhat more important than 
reduced resistance (as far as the maximum 3dB bandwidth).   Of course for 
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impedance matching to avoid reflections over long transmission lines, the 
dynamic resistance is very important. 

(a) 

(b) 

Figure 2-9: Contours of (a) DC and (b) AC current flow in an apertured 
structure 

Conclusion: 

In this chapter, we first examined what benefits one obtains by ideal scaling i.e. 
being able to maintain a constant JJH and r|EX as device size shrinks. Not only 
is the threshold lower as size is reduced, but also the wall-plug efficiency is 
higher at lower powers, and even the operating voltage and operating 
temperature (at the optimum operating power) can be lower despite increased 
electrical and thermal resistance that comes with smaller sizes. Furthermore 
the peak power density, the MCEF and the maximum -3dB bandwidth are also 
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higher in smaller, properly scaled devices. Finally, when array yield depends 
on wafer defect density, smaller devices are advantageous. 

Unfortunately, all these benefits are not realized in actual devices due to optical 
scattering losses, current and carrier leakage. Removing these parasitics is 
especially important for improved wall-plug efficiency at powers <lmW, 
which is needed for denser arrays for free-space interconnect schemes as 
described in Chapter 1. 

This chapter already outlined some of the parasitics including their magnitude 
and their impact on device performance. However, the understanding of the 
effects rest upon the analysis of actual devices and the theoretical models that 
confirmed those hypotheses . Essentially, many of the comments made in this 
chapter about parasitics in apertured VCSELs would not have been possible 
without the theoretical and experimental analysis of the size dependence of 
device parameters that is to be described in the following chapters, and others 
analysis of their own devices using the models which have yet to be presented 
fully within this work. 
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Chapter 3: 
Vertical Design Issues 

Probably the most important part of VCSEL design is not the lateral current 
and optical confinement method, but the design of the layer structure (in terms 
of the doping, layer composition, number of wells, and number of mirror 
periods) for improved performance of all sizes of devices. Most of the basics 
(i.e. figuring out mirror transmission, and the quantum-well gain model) have 
been covered very well elsewhere, so here we will just summarize some issues 
and focus on a few points not emphasized by other descriptions. 

Loss and Gain 

The biggest constraint in the VCSEL vertical design is the background 
absorption due to the doping. Typically, this value is 0.2-0.3%' round-trip at 
-lOOOnrn in AlGaAs mirrors with reasonable doping whether you use 
intracavity contacts or not.   And it is difficult to change this value by any 

1 Dapkus's group has done a careful loss measurement in low-doped devices and 
obtained 0.14% round-trip loss[l], and this is also the value estimated for the best devices 
presented in this thesis. 
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significant factor. This amount of loss dictates the output mirror transmission 
should be 0.5-1.0% for reasonable slope efficiency, which in turn dictates the 
number of InGaAs quantum wells should be three in order to have enough gain 
(unless the device is operating at 77K, in which case, just one well is enough to 
provide 1% round-trip gain[2]!). For four wells the enhancement factor goes 
down so each well is still operating at almost the same gain per well as for 
three wells. These basic design issues are described well in Chapter 5 of Scott 
Corzine's thesis[3], Section 2.7 of Randy Geel's thesis[4], Appendix D of Jeff 
Scott's thesis[5], and Section 2.1 of Brian Thibeault's thesis[6]. 

Comment on value of absorptive loss 

The absorption for GaAs at 980nm we have commonly quoted over the years at 
UCSB has been 1 lern"' per 10'W3 for p-type material and 5cm1 per 10'W3 

for n-type material for AMum[5, 7-10].   However, the p-type value is not 
strongly based on measurement, and I will summarize others discussion in 
order to question the folklore.   In Chapter 5 of his thesis[3], Corzine has a 
scatter plot of various measured values for absorption at various doping levels 
Although the values measured for n-type material suggest that an approximate 
linear relationship between concentration and absorption is valid and the 
commonly quoted constant 5 cm"1 per 10'W3 fits others results (including the 
measurements presented below of transmission through n-substrates)   the 
absorption data for p-type material is scattered.   In fact the single measured 
value near a hole concentration of 1 10'W3 (and X=950nm) is 17 cm-'fll] 
But this value ishigher than that measured at 1.3um which is contrary to the 
trend of higher intervalence band absorption at longer wavelengths (See 
section 4.4.1 of Babic's thesis[10]).   So while the folklore value of 11cm" 
/10 cm   may not have been directly measured, it isn't necessarily wrong 

And   at   1.55um,   Babic's   compilation   of  data   does   show   a   "clean" 
approximately linear trend of absorption with hole concentration at 1.55um. In 
any case, these values need some error bars. 

Growth Tolerances 

By growing a wavelength calibration sample before the laser  most MBE 
growths at UCSB are within ±1% of the design wavelength.   (The use of 
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calibration samples before MOCVD growth have provided ±0.6% thickness 
control[12]). But occasionally due to redistribution of recently loaded source 
material (which seems to be more trouble in smaller hot-lipped effusion cells) 
or simply due to lack of source material shifts of -7% to +2% from the design 
wavelength can occur, if you're unlucky. Structures with shorter oxide mirrors 
more likely to come closer the design thicknesses (hitting the design 
wavelength of course depends upon oxidation conditions which are beyond the 
grower's control) because the cavity is grown closer in time to the calibration 
sample. With proper2 white light in-situ monitoring ±0.5% thickness control is 
possible[6]. The control of the thickness is not only important for the lasing 
wavelength, but can be intolerably important for the thickness of the DBR 
periods away from the active region when the index step is small. 
Consequently, increasing the Al fraction from 70% to 90% in the top DBR 
helps reduce the problem of the parasitic transmission in bottom emitting 
structures. (And colder growth has allowed Be doping of the 90% Al layers 
and discussed in Chapter 6.) 

The other constraint in VCSEL growth is control over the wavelength of the 
gain peak of InGaAs quantum wells. Typically, reproducing the desired 
wavelength photoluminescence is relatively easy compared to the wavelength 
because the same In cell temperature gives nearly the same growth rate (at least 
it is more trustable sometimes than InGaAs RHEED on GaAs). 

Substrate loss: 

While bottom emitting (through the substrate) configurations are convenient 
for flip-chip bonding, substrate losses can drain some of the output power in an 
otherwise efficient device.  P-substrates are generally lossy enough3 that they 

2 For the in-situ monitor to work, the light should be centered on the sample and the 
sample temperature must be known. Sometimes centering is difficult to achieve during 
the growth interruption, depending upon the angle of the substrate holder, because 
monitoring is normal to the surface. A more robust design would have the monitor 
permanently fixed outside the chamber (perhaps through ellipsometry ports) so the 
measurement angle and position on the substrate is fixed and only the substrate angle is 
adjusted. 
3 P substrates with moderate doping are difficult to obtain and those with high doping 
(~5el8 /cm"3) transmit only 10% at X=lum [10]. 
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are not even considered for substrate emitting devices, but even n-substrates 
have enough loss that it is desirable to avoid them and make an n-intracavity 
(or p-intracavity, if you grow your device p-side-down) contact. To measure 
the loss, one can take different wafers and examine the reflection from the 
bottom using a spectraphotometer. We can even examine the wafers post- 
VCSEL-growth (by looking at the reflection within the stop-band of the DBR) 
in order to characterize the material instead of contaminating good epi-ready 
wafers. For VCSEL epi, the reflection can be normalized to the reflection from 
the top of the structure. Because of the substrates' thickness and the linewidth 
of the spectraphotometer, the internal reflections add incoherently i.e. 

RT = *, +(\-Rl)
2Ts

2R2\l + RlR2Ts
2 ^R^J +.. 

Adding these up, you get the following formula: 
( 

Rj- — /?] 

(3-1) 

(3-2) 
,(l-Ä1)

2Ä2+/?1/?2(Är-Ä1) 

where RT is the total reflection from the bottom of the substrate, R2 is the 
reflection from the top surface (~1 in the stopband of a VCSEL)' Rl is the 
reflection from the substrate/air interface and TS is the substrate transmission 
(All values are power reflection/transmission coefficients.) Figure 3-1 shows 
what the symbols mean, and Figure 3-2 plots the relationship between RTand 
Ts for the case of a Ä,=0.31 and R2=l. 

The bottom line is that n-substrates only transmit 65-80% of the light 
depending on the doping which varies even among wafers cut from the same 
crystal (lower wafer numbers for wafers from MCP usually have lower 
doping). This transmission corresponds to an absorption of 5.6 cm"1 to 11cm"1 

and this is consistent with the usual estimates for loss in n-type material given 
that the wafers were specified to be Si doped between 1 and 2x10'W3. On 
the other hand, SI wafers transmit 87%. So you can get a improvement in 
slope and wall-plug efficiency of as much as 30% by using the SI substrates for 
bottom-emitting devices. 



Chapter 3: Vertical Design Issues 61 

Bottom of 
substrate 

Top of 
substrate 

Figure 3-1: Schematic of reflections within the substrate 

Contacting Scheme 

Simply from the point of view of substrate loss, n-intracavity (or more 
generally, bottom-intracavity) contacts look attractive for bottom emitting 
devices. Although intracavity contacts allow one to bypass the mirrors 
typically one needs highly doped thick 3X74-5X74 layers and these layers, if 
placed near the active region, add a considerable amount of loss (in addition to 
increasing cavity length). One can bring these layers a few periods back to 
avoid the loss (and avoid a longer cavity) or one can devise an intracavity 
contacting scheme to avoid these thick layers4 or one can pump through the 
mirror. For the p-mirror (or top mirror, in general) this has the advantage that 
you have a big- area to contact before the current gets tunneled into the 
aperture. Chapter 2 of Brian Thibeault's thesis has a good discussion of the 
trade-offs in loss and voltage for single, double, and no intracavity contacts. 
The analysis leads to the general conclusion that a p-top contact and n- 
intracavity contact will provide the optimum configuration, and in practice, 
devices with large area (20-50um diameter) p-top contacts have yielded the 

4 Instead of only using reactive-ion etching to reach the p-intracavity contact, one could 
use a combination of both RIE and selective wet etching with citric/peroxide to reach the 
p-contact Then a thick undoped layer can be placed above the contact layer to stop on 
using RIE and then the wet etch used to stop right at the top of the p-GaAs allowing use 
of a much thinner, highly doped layer (placed ideally at the null, if you shift the usual 
AlGaAs/GaAs interface) 
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highest wall-plug efficiencies.  Although fewer have been made, p-side down 
VCSELs are showing comparable to better performance than n-side down[13]. 
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reflection from substrate 

Figure 3-2: Relationship between substrate transmission and reflection 
from the bottom for a GaAs substrate with a top mirror of 
reflectivity ~1. 

Because of the easier processing of p-top contacted devices, p-intracavity 
contacts are typically not worth the effort except in two cases: devices 
operating at low temperature (77K)[2] where the thermionic emission is low 
and WDM VCSEL arrays employing dielectric mirrors to widen the mirror 
stop-band (and hence) the tuning range[14]. Initial designs used in this work 
did not employ any intracavity contacts, simply for easier processing. But 
optimized designs used an n-intracavity contact which was placed a few mirror 
periods into the bottom DBR. (We will discuss the designs in more detail in 
Chapter 6.) 
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Mirror Doping/Grading Scheme 

Lower Resistance vs. Higher Loss 

A major trade-off in VCSEL design is the device resistance vs. the optical 
absorption. The resistance of the DBR is roughly inversely proportional to the 
doping (assuming you can properly engineer the interfaces to remove the 
voltage drop), and the loss is roughly proportional to the doping (or more 
precisely, to the free carrier density). So a nice figure of merit for a design 
might be the resistance-loss product. And it turns out to be a good one (if you 
can be a little generous with approximations). 

Consider the wall-plug efficiency which varies with device resistance, output 
coupling, drive current, etc. Aside from the injection efficiency, diode turn-on 
voltage and photon energy, it can be shown that the rest of parameters 
controlling the maximum wall-plug efficiency can be wrapped up into a single 
parameter called the loss-voltage, ^£.[15] Vi is the excess voltage drop due to 
optical losses alone, and the wall-plug efficiency always increases for smaller 
Vi. This voltage drop is proportional to the resistance of the device and the 
change in threshold due to losses. But the change in threshold due to loss is 
linear with loss5. So Vi is proportional to the resistance-loss product. 
Consequently, to maximize wall-plug efficiency one needs to minimize the 
resistance-loss product. 

Minimizing resistance and loss for the whole mirror 

Assuming pumping through the mirror is employed, one needs to choose an 
average level of doping between the mirror interfaces and try to reduce the 
mirror interface resistance. The field intensity is stronger closer to the active 
region; so intuitively it would be better to lower the doping in this region and 
increase the doping for the upper mirror periods. (See Figure 3-3) 

5 To a first order approximation. Of course everything varies linearly to first order, but 
the point is that the first order term is significant. 
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Suppose the first five mirror periods (about equal to one mirror penetration 
depth, Lm) are doped (on average) at a low level and the upper periods are 
doped (on average) at a higher level. What's the optimum ratio between the 
doping in the high doped vs. the low doped region? The answer is about a 
factor of three. 

P-Mirror Design 

4000.0 

~i—I—i—|—T—I—I—r 

RolloffofFiekPl 
■z/Lm 

4.000 

3.500 

3 a a x 

-4OOO.0 

J 3.000 
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thickness (pm) 

Figure 3-3: Relative field intensity in the top mirror of a VCSEL. 

To deduce this factor, we will assume that we have two doping schemes for a 
mirror period. One design with a factor /lower resistance than the other, and 
we will assume the doping designs are optimized so that they have the same 
loss-resistance product averaged over one mirror period (This isn't a bad 
assumption as we'll see in the next section.) 
Low Doped Region 
High Doped Region 

Loss =/'£// 
Loss=    Ltf 

Resistance=/i?// 
Resistance^ Rf[ 

Because -2/3 of the optical power is the first fifth of the mirror, the loss- 
resistance product for the whole mirror is given by: 

L*=\y3(LH/fhy3LH]y5RH+y5(fnHj\ 

= LHRH[2/{3f)+y3]y5+f/5] (3-3) 
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The factors on the right reaches a maximum for f=3. 

65 

We can take this analysis a step further and assume we have an arbitrary field2 

distribution, <D(z), and ask, if the loss-resistance product were always a 
constant, QQ, at a particular location, but you could vary the loss (or the 
resistance) profile what should the relative distribution of loss a(z) look like? 
We would want to minimize the loss-resistance-product over the whole length 
of the device: 

(i 

n. 
\(L 

\a(z)®(z)dz    \-2-dz 
J J r/l 7 1 

Vo 

fir 

vo a(z) 
(3-4) 

To solve for the function cc(z) such that Q.i is minimized, we can use 
symmetry arguments to make a good guess and then use the calculus of 
variations to prove it. The answer is: 

a(z) = fi0/[+V^)] P-5) 
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Figure 3-4: Relative FieldA2 (ignoring standing-wave effects) in a DBR 
along with the ideal relative loss distribution for the minimum 
loss resistance product and a two-step approximation 
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For the case of a field decaying exponentially, then the relative loss should be 
increasing exponentially at half the decay rate or doubling about every seven to 
eight periods (for an AlGaAs/GaAs DBR). Figure 3-4 compares this result 
with the earlier two-step approximation. (Perhaps three steps would be worth 
the effort.) And Table 3-1 compares the relative improvement in the loss- 
resistance product for a mirror six penetration depths long. 

Doping/Period over length of DBR Entire Mirror Loss Resistance 

0.78 Q, 

Uniform 
Two-Step (Low then high) 
"Ideal" - exp(z/(2LJ) 

Table 3-1: Comparison of relative doping for the whole mirror 

LU 

0.66 QLU 

Another doping (or carrier) profile to calculate is for a thick section of material 
with uniform index (like a contact layer) with an intensity distribution, sin2(fe). 
Here the doping should vary proportional to l/|sin(fe)|. Of course, all our 
assumptions about loss vs. doping and resistance vs. doping fail at the zeros of 
the sine function, but we can ignore values above, say 20, and then have a 
useable distribution. 

Aside from problems of Be dopant diffusion, the time to change dopant cell or 
carbon filament temperature (order of ~1 minute) makes such precise 
continuous variations impractical (though step variations over longer distances 
of -0.1 urn as in the first example are realistic). However, by using "digital" 
doping or by using a quickly tunable gas source for carbon doping, more fast 
and precise changes in doping level may be possible. 

Traditional design: Minimizing resistance within a p-mirror period 
(Valence band engineering) 

Much previous work at UCSB[7, 16] has focused on engineering aflat valence 
band around the mirror heterointerfaces with more regard for minimizing 
voltage than loss. Here one designs the junction with the philosophy that the 
potential created by the change in the doping profile should cancel the potential 
barrier created by the bandgap change. For a uniformly p-doped heterj unction 
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between GaAs and AlGaAs a depletion of holes occurs on the AlGaAs side and 
an accumulation of holes occurs on the GaAs side. To fix this problem, the 
junction is graded, extra doping is added to the AlGaAs side, and doping is 
lowered (or even made n-type) on the GaAs side. If the valence band were flat, 
the free carrier distribution would be uniform. So one designs the distribution 
of excess ionized dopants (The excess being the difference between the doping 
level and the carrier concentration - which should be uniform and equal the 
average concentration.) so that the potential created by these charges exactly 
cancels the potential change in the bands. 

A now common scheme (investigated experimentally by Peters[7]) is to bi- 
parabolically grade the junction and use square doping profile (as we will see 
later in this section). One may also linearly grade the junction and use delta- 
doping. However, in a mirror with many periods, the use of delta-doping may 
create a significant disturbance to the lattice and is suspected of damaging 
material during high temperature anneals[9]. Straining of the lattice is worse 
for carbon than for beryllium[17], and is suspected of exacerbating roughness 
in DBR mirrors doped using a carbon-filament[7]. Thus, designs in this work 
did not use delta-doping. 

The schemes for creating a flat-valence band generally produce a uniform 
carrier density. However, we know the standing-wave pattern, that this is not 
what we want! In addition, from the point of view of lateral conductivity, 
accumulations in the hole concentration are good. Intuitively we expect 
improvements by higher doping where the standing-wave is weakest. In the 
following sections, we aim to quantify what doping profiles are necessary and 
what improvements they make. 

Loss and Resistance within a p mirror period 

To compare different designs, it would be handy to use the loss-resistance 
product across a mirror period. However, an accurate model of the resistance 
is rather complicated.   Programs like, Sim Windows, provide one though the 
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assumptions are not clear and the results are sometimes suspicious6. On the 
other hand, solving Poisson's equation for the steady-state carrier, field and 
potential distribution is a problem more clearly defined and relatively 
straightforward (and can be verified by several programs). Perhaps the most 
simplistic model for the resistance of a mirror period, Rm, is to simply 
integrate the resistivity: 

*« = j '-    i 
q{i(x)p(x) 

dx (3-6) 

where p(z) is the hole concentration from the solution of Poisson's equation, 
u(z) is the mobility and Lp is the length of a mirror period. At a first glance, 
this model appears distastefully simple. We have ignored diffusion current and 
the heterobarriers. But the latter claim is not quite true. The heterobarriers 
will cause depletion of charge (accounted for by the Poisson solver) which will 
appear as increased resistance. In fact, if the integral of the free carrier density 
is fixed, then the carrier distribution to minimize Rm (ignore mobility changes 
for now) is a flat carrier distribution which is created by a flat band. And if the 
carrier distribution is flat, then diffusion currents should be small. For the case 
of significant depletion (as in a p-n junction), Eq. (3-6) overestimates 
resistance. In fact, a p-n junction diode would have nearly infinite resistance 
(which is still correct to zeroth order at V=0) since the depletion region 
removes all the free carriers. This inaccuracy is a result of ignoring the 
redistribution  of carriers   with  bias   and   subsequent   diffusion   currents. 

6 If one simulates a bi-parabolic grade with a doping of po+6p along the parabola on the 
AlGaAs side and with a doping of po-Sp along the parabola on the GaAs side (and a 
doping level, po, everywhere else), then one can find a value for 8p (call it 8pF) such that 
the band and the carrier concentration is the flattest. One can also find the value of 5p to 
minimize the current density SIMWINDOWs calculates at a small bias voltage across the 
mirror period (0.01 volts). (Call this value SpR.) When the mobility is independent of 
composition, then 8pF=8pR as expected. However, when the mobility varies with 
composition (but is still independent of carrier density) 8pR<8pF. For a grade from x=0 
to x=90%over 28nm with po=lel8cm-3,8pF= 1.5el8cm-3 and8pR=0.6el8cm-3. This 
might make sense if the lower mobility region is on the GaAs side (as discussed below), 
but the lower mobility region is in the AlGaAs. Continued on next page. And the result 
is not related to the direction of current flow since both up and down gradings are within 
one mirror period. A free drink awaits the first person who can explain this result 
satisfactorily. 
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Although Eq. (3-6) doesn't accurately model the resistance in all cases, at least, 
if we minimize, Rm, then the true resistance should be correlated with it. 

By using the integral of the free carrier density times the standing wave, 

am =(\\cm-1 /1018cm-3)-^- £m [sin(2x / Lmz) + l]p(z)dz (3-7) 

along with an estimate for the mirror resistance, Rm, we now have metric, the 
loss-resistance product, amRm, which we can use for comparison of various 
designs. 

P-Mirror Period Designs: a comparison 

In this section, we'll examine various doping/grading schemes for mirror 
periods and compare their loss and resistance. The simplest mirror period 
design is to use a linear grade and spike the doping along the grade (See Figure 
3-5). For a doping step large enough for low resistance, the design suffers 
excess loss, and for lower doping the design has a depletion region on the 
AlGaAs side and excess resistance. Figure 3-6 shows the next generation of 
design which is to bi- parabolically grade the interfaces and use step up and 
down doping which coincide with the changes of the curvature of the grade. 
To determine the optimum step, it is important to accurately know the valence 
band offset. Here we used A£v = 0.4 EQT [18], where Eßr is the direct band- 
gap (between the valence and the Y valley) not the minimum band-gap. This 
offset is larger than that used by Peters[7] which was based upon the minimum 
band-gap. 

We can make a couple more improvements to the designs: adjust the doping to 
account for differences in mobility and increase the doping at the standing- 
wave nulls. First, consider that AlAs has about a factor of three lower hole 
mobility than GaAs and for electrons this factor is ten![\9]. If one has a 
constant total doping to distribute between two regions of equal thickness but 
the second region has factor of v2=\i2l\H\ > 1, higher mobility, then for minimum 
resistance, the low mobility region should be doped higher than the average 
hole concentration, p, by a an amount Ap, and high mobility region should be 

doped lower than average, by an amount Ap, where Ap = p (^/^ ~ V/ w r2 +1 )• 
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Because of the root dependence, Aplp does not vary rapidly. For a factor of 
two difference in mobility Ap/p =17%, for a factor of three, Ap/p =26%, and 
for a factor of ten, An In =52% For an arbitrary change in mobility with 

position, the carrier density should vary proportional to \lj/i(z) for the 
minimum resistance with a constant total number of carriers. (The 
mathematics of the problem is very similar to the solution of Eq. (3-4).) 

Second we can lower the resistance with only a small increase in loss by 
increased doping at the nulls.  In the previous section we showed the relative 
loss should vary as l/|sin(*0 n x)\ for when the spatial variation of the 
resistance is inversely proportional is the spatial variation in the carrier 
concentration.  As discussed, this distribution blows up the nulls, but we can 
still use it to give us some idea of the width of the region with higher than 
average losses.  Consider that l/|sin(£0 n x)\>2 over a region X/6 wide and, if 
our dreams came true, the resistance could be made effectively zero in this 
region and we would expect the loss-resistance product to be cut by 33%. 
Figure 3-7 shows a specific design using two bi-parabolic grades with extra 
doping at the null.   (The values for Nd and Na assume all the dopants are 
active.)   As seen in Table 3-2, the simulated designs with extra null doping 
show about a 20% reduction in amRm over the "traditional" bi-parabolic 
design.   As part of the optimization process, one needs to slightly adjust the 
AlGaAs and GaAs thickness so the grading region lies at a null.    The 
adjustment made here was for a standing-wave with a period based on the 
average index. In reality, the wave period changes in the different regions. So, 
the thickness adjustment would have to be made based upon transmission 
matrix calculations of the standing-wave taking into account the other layers in 
the device. 
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Figure 3-7: Plots of (a) the composition and doping profile and (b) the 
relative field2 (dashed curve), and the ideal (dotted curve) and 
predicted (solid curve) hole concentration for a bi-parabolic 
grade with step doping and extra doping at the null. 
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Because of growth variations, the standing wave null, made not be exactly 
where you would like it, but fortunately, one has a fairly wide region which 
can still be highly doped. 

The "optimal" carrier distribution given in Eq. (3-5) we have been working 
with was derived assuming a constant mobility, but one can also account for 
position dependent mobility variations, then we find the loss (or carrier 
density) should vary proportional to: 

/l+V^z)//^)] (3-8> 

(Again, (D(z) is the field2). As before we have not accounted for carrier 
dependent mobility variations so the distribution still blows up at standing- 
wave nulls. But we just need to keep the doping below ~1019 cm"3 where the 
higher doping generally stops buying you lower resistivity. This distribution is 
plotted along with the calculated carrier density for the various designs in the 
figures. If carriers did actually follow this distribution, then loss resistance 
product would be 0.95e3 Q-cm, and this gives a benchmark to shoot for 
Unfortunately, the lateral resistance is (unrealistically) zero because of the 
singularity. 

Another popular type of grading is the uni-parabolic grade[20]. Here the idea 
is to grade and increase doping on the AlGaAs side of the interface where the 
depletion of holes usually occurs (for a uniformly doped heterojunction) but 
not to grade the interface on the GaAs side where the accumulation of holes 
would normally occur. The high accumulation of holes can also be designed in 
a region with no impurities to increase the lateral conductivity as in a 
MODFET.  Figure 3-8 and Figure 3-9 show two variations on the purely bi- 
parabohc designs. One design has the uni-parabolic grading at the null and the 
other has uni-parabolic grading at both the peak and the null.    The uni- 
parabolic grades are actually a parabolic grade over 14nm (from 90% to 45% 
Al) followed by a 7nm linear grade. 
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"High-Doped" Extra Average Resistance Loss 
Mirror Designs Doping loss, Resistance 

@Null? am (cm-1) 

R» 
(Q- 

nm2) 

RL 

(kno 

«A 

2 Linear-Grades/ No 20.2 103 1.8 2.08e3 

Spike doping 
2-Bi-Parabolic No 11.2 108 4.0 1.21e3 

2-Bi-Parabolic Yes 11.5 88 2.3 1.01e3 

Bi+Uni Parabolic Yes 10.0 101 2.1 1.01e3 

2-Uni Parabolic Yes 10.0 101 2.1 1.01e3 

"Ideal" Carrier Yes 0.9C3/R™ K Zero 0.95e3 

Table 3-2: Comparison of loss and resistance for various mirror period 
designs with approximately the same doping level (1 e 18 cm3). 
The structures doped highly at the null have nearly the same 
loss resistance product, but the structures with uni-parabolic 
grades have slightly lower lateral resistance, Ri 

As with the purely bi-parabolic design, the position of the second interface is 
adjusted so the peak in the carrier concentration is lined up with the null. Even 
so, as Table 3-2 shows, the uni-parabolic designs show similar loss-resistance 
products to the optimized bi-parabolic design. This is essentially because the 
spike in the hole concentration created by the grading is relatively narrow 
compared to the width of the distribution that can be highly doped at the nulls. 

Although the estimation of resistance per period, Rm, is meant mainly for 
relative comparison of different designs, the measured resistance/period[7] for 
the AlAs/GaAs mirrors doped on average at concentration of lei8 cm'3 (and 
grown at a substrate temperature of 480°C for complete Be incorporation) is 
about a factor of three higher. Nevertheless, it should be noted that these same 
measurements show an almost identical resistance for a band-gap engineered 
structure (with average lei 8 doping) as for a pulse-doped structure (w/5el8 
pulses), and this match also is calculated for the resistances of these structures 
in Table 3-2. 
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Another issue to consider is the lateral conductivity of the various designs 
(We are beginning to get into some lateral design issues, but it's unavoidable) 
These lateral resistances, RL, are also shown in Table 3-2. As can been seen 
the better lateral resistance gives a slight advantage to the bi/uni-parabolic and 
um/uni parabolic grading schemes which otherwise show about the same loss- 
(vertical) resistance product as for the optimized purely bi-parabolic design. 

Tuning mirror period designs for different locations in the mirror 

As discussed earlier in this chapter, we would like to use reduce the average 
doping level as the intensity in the DBR increases near the active region and 
increase the average doping level as the field decays towards the top of the 
mirror. And we can "tune" an optimized design to a new doping level simply 
by changing the doping in the regions of uniform composition by a scaling 
factor, but shifting the doping across the interfaces by a constant doping level 
in order to keep the doping step the same. (For example, the interface is doped 
at NA-2.7el8 cm"3 on one side and ND=0.7el8 cm"3 on the other, then this is 
changed to NA=2.3el8 cm'3 and ND=1.2el8 cm"3 to move the average doping 
level from lel8 to 0.5el7). Such tuning will typically keep the loss-resistance 
product almost the same even with a change of loss and resistance. This is the 
assumption used earlier in deriving the optimized average doping profile in the 
DBR mirror. Table 3-3 gives two examples of a "high" doped and a "low" 
doped design along with the "medium" doped bi+uni parabolic  design 
previously listed in Table 3-2.   The doping and composition of the "high- 
doped and the "low" doped designs are shown in Figure 3-10. 
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Figure 3-10: Plots of the composition and doping profile bi+uni 
parabolic grades with step doping for (a) low doped design 
and (b) a high doped design 
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Bi+Uni 
Parabolic 
Mirror Designs 

Extra 
Doping 
@NulI? 

Average 
loss, 
am (cm1) 

Resistance 

R™       RL 

(fi-           (kO/) 

Loss 
Resistance 

.«A 

"Low Doped" 
"High Doped" 
"Medium doped" 

Yes 
Yes 
Yes 

4.79 
19.3 
10.0 

204 
52 
101 

3.7 
1.25 
2.1 

0.98e3 
1.00e3 
1.01e3 

Table 3-3: A potpourri of Bi+Uni Parabolic mirror period designs all 
with nearly identical loss-resistance products 

N-mirror doping 

Not as much design effort has been put into the n-mhror as the p-mirror for 
three mam reasons (besides our own foolish consistency): (1) Electron mobility 
is almost twenty times higher than hole mobility (2) Typically the n-mirror is 
on the bottom so current can spread better than in the p (though apertures have 
somewhat mooted this issue), (3) The donor level in AlGaAs decreases around 
the direct to indirect gap transition[19] and so bandgap engineering is difficult 
Consequently, we have typically employed a linear-grade with spike doping' 
However, the design can be improved and for n-up structures improvements' 
are important   As mentioned, the factor often difference in mobility between 
AlGaAs and GaAs suggests the GaAs can be doped three times less    In 
addition, we can increase doping for periods away from the active region 
Finally we can attempt some band-gap engineering by parabolically grading 
on the AlGaAs side and then dropping the Al fraction directly from 60o/0 to 
20/o in order to avoid any low carrier concentrations due to the DX center as 
successfully carried out in MOCVD grown devices[21]. 

Lower Loss-Resistance and Wall-Plug Efficiency 

We have shown here how various improvements in design can lower the loss- 
resistance product. Changing the average doping of each of the mirror periods 
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can reduce the loss-resistance product by 22% (two-step profile) to 34% (ideal 
case). Adding extra doping at the nulls lowers the loss-resistance product by 
20%. Making both improvements can lower the loss-resistance product by 
about 40-50%. Of course, lack of proper band-gap engineering of the 
interfaces can easily make a factor of two change in the loss-resistance product 
as seen back on Table 3-2. Consequently, if the dopants can be positioned 
correctly (via cold growth for Be or the use of carbon doping), one will see the 
most dramatic effect on the loss-resistance product. 

But what does improving the loss resistance product mean for the wall-plug 
efficiency? Obviously, this depends on the power where the peak efficiency 
occurs and all kinds of other things. But we can assume some values and see 
the results. Figure 3-11 shows an example. When the loss-resistance product 
is reduced by 40%, the wall-plug efficiency improves by about 25% using the 
parameters given below. This reduction can be done either by lowering the 
loss, the resistance or a combination thereof, but the choice does not strongly 
effect the outcome. For larger changes in the loss-resistance product (factor of 
five), the changing of the loss or resistance does not strongly effect the peak 
value, but it does effect how the wall-plug vs. power behaves. For large 
changes, lowering resistance instead of loss will prevent the wall-plug 
efficiency (vs. output power) from dropping dramatically after the peak, 
whereas lowering loss instead of resistance will raise the efficiency for output 
powers before the peak. 
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■ Original Characteristic 
— Reduction of Loss by 40% 

Reduction of Resistance by 40% 
_l I I I I I L 

1       1.5       2       2.5 
Output Power (mW) 

3.5 

Figure 3-11: Improvement in wall-plug efficiency as the loss is lowered 
or the resistance is lowered by 40% 

For the curves in Figure 3-11, we assumed a 980nm VCSEL with I^OJmA, 
r|ex= 55%, a mirror transmission, Tm=0.7%, r)j=0.9 and assumed 
'Hwp=20<?/o@ 1.0 mW output power and that the voltage varies linearly with 
current above 1.3 volts. These numbers are not too far from those for Brian 
Thibeault's devices[6]. We also assumed the threshold current varies 
exponentially with loss 1TH ~exp(Z,/G0) where L is the loss/round trip and 

G0=1.05% for a three InGaAs quantum well active region centered on a 
standing-wave peak. Although we assumed a threshold, we are not accurately 
accounting for changes in lateral leakage current here (since we are not 
assuming any device radius). We are assuming that whatever leakage there is 
that it scales linearly with the broad-area threshold current density. As 
discussed in Chapter 2, lateral leakage can hinder higher wall-plug efficiency, 
and, in this regime, increasing the device size can quickly buy lower resistance 
at the same loss level without a significant change in threshold. 
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Doping around the aperture and active 
region 

Lateral conductivity is very important just above (in p-up designs) the aperture 
and it is important to dope this region highly but one does not want significant 
doping between the aperture to avoid current spreading. This suggests an 
abrupt end to doping at the aperture. However, oxide apertures are in regions 
of high aluminum content and the composition will need to be graded to lower 
aluminum content before reaching the active region. One key issue here is 
doping of the grade just below the aperture. For a long growth, Be doping will 
usually diffuse far enough that doping the graded region will happen 
automatically. However, for a short growth (or when carbon is used), the 
graded region will not be doped. And this can create a several voltage penalty 
as will be further discussed in Appendix A. (See also Section 3.2.2 of Peter's 
thesis[7].) 

Summary 

The main focus of the chapter has been on improvements in the VCSEL design 
for higher efficiency devices at all sizes. The key points are: 

• Use   of  SI   substrates   for   bottom-emitting   devices   for   a   10-30% 
improvement in efficiency 

• Using a broad area p-contact and an n-intracavity contact for p-up devices 
• Optimization of the doping in the DBRs: 
• A good figure of merit that is tied to the peak wall-plug efficiency is the 

loss-resistance product.   To minimize this product the carrier distribution 

should follow:   U   , 1 where d>(z) is the field2 and ja(z) is the 
/[+VO(z)//(z)J 

position dependent mobility 
• Decreased doping in the first few mirror periods for a 22-34% lower loss- 

resistance product 
• Additional doping at the standing-wave nulls for another 20% reduction of 

the loss-resistance product. 
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• The use of a uni-parabolic grade around the nulls to improve the lateral 
conductivity 

• An expected improvement of -25% in the wall-plug efficiency for a 40% 
reduction in the loss-resistance product 

• Doping above the aperture and of the grade-down from the high Al content 
layers of the aperture 
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Chapter 4: Analysis of Index 
Aperture Optical Confinement 

Introduction: 

As described in Chapter 2, removing parasitic optical losses is critical for 
improved device properties at small sizes and low output powers. But do we 
expect such losses to be significant in devices with oxide or air apertures? And 
how much can we effect the parasitic loss by cavity design changes? How do 
apertures effect the mode in comparison to other guiding mechanisms that we 
understand namely, step-index uniform waveguides with Bessel functions for 
modes or lensed resonators with Gaussian modes? 

The answers to these questions have already changed the typical aperture 
design in VCSELs, in part due to the analysis that follows and in conjunction 
with the initial experimental work of Thibeault[l, 2] and my own device 
results described in Chapter 6 as well as supporting experimental results of 
other research groups[3, 4]. Although the use of such loss models has not 
widely spread (except at UCSB), intuition about the aperture design has, and 
other research groups have converged on the same conclusions. 
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In this chapter, we discuss the optical guiding mechanism of index apertures 
which not only can be created by lateral oxidation or etching, but also by 
physical changes in cavity thickness.  We then examine the optical losses that 
result from aperture not compensating for the diffraction in the laterally 
unguided regions of the VCSEL.   We determine a semi-analytic formula for 
the optical losses of single, abrupt apertures in VCSELs in terms of two 
parameters: the effective phase shift of the aperture and the Fresnel number of 
the cavity.   Using this formula, we estimate the losses for various VCSEL 
designs and use it to explain the drop or lack thereof in efficiency as the 
aperture closes in actual devices.    We then examine losses using a more 
accurate iterative model that verifies the simpler estimate and allows us to 
examine the losses from tapered apertures and the limit on the mode size due to 
the drop-off in DBR reflectivity at large angles. We also present a method for 
estimating losses with multiple apertures and estimate the losses due to 
absorption. 

Index Aperture Guiding 

An index aperture in a cavity affects not only the mode shape, but also the gain 
and resonant wavelength. The refractive index of the aperture (typically air or 
oxide with n~1.6) is much lower than that of the semiconductor n~3 
Consequently the optical path length is longer in the center of the cavity than in 
the region with the aperture.   This longer optical path length in the center 
means that the aperture has a "lens-like" action that will tend to confine the 
mode.   In principle, the lateral variation in the optical path length could be 
tailored parabolically creating a lens that would almost perfectly "undo" the 
diffraction in the unapertured regions of the laser.   But even with imperfect 
lensmg, the shortness of the cavity means the modes in an apertured structure 
are very similar to the modes expected from a vertically uniform waveguide 
However, the small difference between the modes of a uniform waveguide and 
actual apertured VCSEL is mostly accommodated by lateral radiation modes 
even assuming no optical imperfections in the aperture.    And for highly 
resonant structures like VCSELs a small amount of excess loss (0.1%/pass) 
implies a huge (-20%) fractional change in gain. 
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The shorter optical path length in the apertured regions of the VCSEL will 
mean the resonant wavelength (for a vertically travelling plane wave) is shorter 
in those regions. And as with any lateral optical confinement, the lasing 
wavelength (for a mode composed of both vertical and off-axis plane waves) 
will be slightly shorter than for a purely planar structure. The resonant 
wavelength for vertically travelling waves and for the lasing mode can be 
related to the effective optical path length across the aperture and the aperture 
diameter. The effective optical path length depends not only on the aperture 
thickness, but also its placement in the standing-wave inside the cavity. Let us 
now address all of these issues more quantitatively. In this section, we "focus" 
on the guiding mechanism. 
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Figure 4-1: Index aperture inside a VCSEL cavity 

Aperture phase shift 

Shown in Figure 4-1 is a close up of an index aperture inside a VCSEL. If this 
aperture were not inside the VCSEL cavity (i.e. the other mirror layers were 
absent), we could simply say the difference in the phase shift between the 
apertured and unapertured regions of the VCSEL, is given by: 

<t>(x,y) = k0An[tmax-t(x,y)] (no reflections) (4-1) 

where ko is the free-space wavenumber, An = ns-na is the difference between 
the semiconductor index and the index of the aperture, t(x,y) is the position 
dependent thickness of the aperture, and /„,„ is the maximum thickness of the 
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aperture. We have chosen to consider the phase shift nonzero in the 
unapeftured region although it would be completely equivaLmTo 1! 
constant phase shift and create a negative phase shift inL apenured region 
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factor r...  Thus correction to the optical path length or phase shift is also 
vahd for small mdex differences An[5]. Adjusting the relative phase we have 

(only accurate for small An) 
where (as we will describe more rigorously) the enhancement factor for a thin 
aperture located in theyth layer of a VCSEL is given by, 

r^ =2cos2(konjzpja)eXp(-Zlmj/LE). (4_3) 
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For high reflectivity mirrors, LE is nearly identical to LT = 
4« 0   \ \-p 

, where 

q is the ratio (chosen to be less than unity) between the index of the incident 
medium («„) and the index of the first DBR layer (either r%i or /?//), and 
P=nl/nHls me rat^° between the low and high index of the DBR layers. (For 
the arrangement in Figure 4-2, q=nL/n0.) 

index aperture 
2000 

-500 

8nm Gain Region 
A=980 nm 

n=3.52   sT 
H r* 

ma 21.5 Period DBRs 
position, z 

Figure 4-2:   An aperture in the central portion of a typical VCSEL 
standing wave along with the index profile 

Actual mirrors often have graded interfaces and sometimes extra spacer layers 
of multiples of half a wavelength. In Appendix B: Theoretical Odds and Ends, 
we discuss how the expressions for the various mirror lengths are modified. 

Multiplying the phase by the standing-wave enhancement factor is the intuitive 
thing to do for those who already play with the position of quantum wells. 
However, the large index step Anj-2 between the aperture and semiconductor, 
makes the correction fairly inaccurate. The more precise way to handle the 
problem is to begin by going back to the origin of the enhancement factor[5] 
and to calculate the intensity weighted average of the dielectric constant over 
all z as also done by Hadley[8]. This procedure yields the index step which 
would occur if the aperture index step were spread out uniformly in z. We will 



92       Chapter 4: Analysis of Index Aperture Optical Confinement 

discuss those standing-wave details in the section after next, but let us first 
compare the two situations of uniform or continuous vs. periodic waveguiding. 

Unfolding the Cavity 

Let us suppose for the moment that we can find the correct "effective" phase 
shift, <f(x,y), an aperture has for plane waves travelling along the axis of the 
cavity. As is commonly done when treating "thin" lenses, we can approximate 
the phase shift as the same both for on-axis and slightly off-axis waves. (Note: 
Although using the correct "effective" phase can account partially for 
reflections off of the aperture, it does not account for large reflections and we 
will discuss some consequences of this in a subsequent section). Next we need 
to consider the effect of the DBR mirrors for both on axis and slightly off-axis 
waves. Fortunately, Babic found that the variation in the phase shift for 
slightly off-axis waves hitting the DBR mirrors is just like they were passing 
through a region of uniform index, nQ, and hitting a hard mirror at a diffraction 
equivalent distance, Lp. For an infinite stack of quarter-wave thick layers that 
alternate between a high index of «// and a low index «L, the diffraction 
equivalent distance, LD is given by [7], 

ID = &T (4-4) 
2f \       ^^ 

and ZT is the phase penetration depth as given where E = —- 
2 *12    +   Y,1 

before. (Refer to Figure 4-2 again for definitions of n0, nL and nH.) Because of 
the prefactor, £, the energy, phase, and diffraction depths are not exactly equal. 
However, when the index of the spacer region (the incident medium for the 
mirrors), n0, is near the average of the high and low indexes, then they are not 
too different - For ni=2.95, w//=3.52 and n0=3.24, 4=1.02. 

For a cavity with a central spacer region of index nQ, and thickness, L0 the total 
diffraction equivalent cavity length is [9] 

Lc = LDx+LEh + L(i (4-5) 

where Zß, and Lfy are the diffraction equivalent distances for the first and 
second DBRs, respectively. Using this total cavity length, we can represent an 
apertured VCSEL as an aperture between two hard mirrors. (See Figure 4-3.) 
Here we have centered the aperture between the mirrors for simplicity. 



Chapter 4: Analysis of Index Aperture Optical Confinement       93 

Figure 4-3: Schematic of an aperture centered in an effective cavity of 
length, Lc- 

Next we imagine a mode moving back and forth between the mirrors, and as 
commonly done[10], we draw an unfolded cavity as shown in Figure 4-4. It is 
simplest to see the effect of the aperture, if we consider an ideal case, when the 
aperture is a perfect lens; so it has a parabolic phase profile. Then for a stable 
resonator, the fundamental mode of the system is a Gaussian with planar phase 
fronts occurring half a cavity length from each aperture[10]. (See Figure 4-4b.) 
Because the lens can exactly compensate for the diffraction of the mode there 

is no scattering loss. 

In the case of abrupt apertures (in Figure 4-4a), the mode cannot be perfectly 
focused and so there are scattering losses. However for short cavities, or large 
apertures, the phase front will stay relatively flat between apertures, and this 
periodic waveguiding can be well approximated by a uniform waveguide[8, 
11]. In fact, in the simplest form of the Beam Propagation Method (BPM) 
[12], a waveguide (uniform in z) is numerically modeled by a repetitive 
application of a spatial dependent phase shift followed by diffraction through 
free-space. In this case, the model and reality are reversed since we are 
considering a continuous waveguide as an approximation to a periodic one. 
The waveguide shown in Figure 4-4c, has a index profile An^x,y)+nd.a l-min" 
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L, 

Figure 4^: (a) The unfolded cavity for the simplified apertured-cavity 
shown in Figure 4-3. The medium between apertures h^ 
uniform mdex „0.   The aperture is modeled by a s^ly 

shlbut th^e """I *»h   In 8enera1' ^ *>* * any 
ste^nH n C3Se T *" abmpt apertUre which at waller sizes and onger cavity lengths is unable to completely refocus 
the mode instead scattering energy into free-space 
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(b) The unfolded cavity with a parabolic phase shift, <j>(x,y), 
i.e. an ideal thin lens. For a Gaussian mode undergoing 
Fresnel diffraction between the apertures, the phase shift is 
able to exactly correct for the diffraction, eliminating 
scattering losses. Given the symmetry chosen, the mode has 
planar phase fronts half-way between the apertures as 
indicated by the dashed lines, (c) A uniform waveguide 
which, in the limit of vanishing cavity length, corresponds to 
the unfolded cavity with <j)(x,y)=koAnd(x,y)Lc 

Thinking of the BPM method allows us to see that if we wish to obtain the 
same mode using both approaches (in the limit of vanishing cavity length), 
then the phase shift of aperture should be[12] 

ftx,y) = ko^ix^Lc (4-6) 
In Appendix B: Theoretical odds and ends, we will show the periodic 
waveguiding in the Fresnel limit matches the wave equation to second-order in 

Knowing the correspondence between the uniform waveguide index 
distribution and the phase shift will allow us to work backwards to find the 
appropriate effective phase shift for the aperture. And, in the case of an abrupt 
aperture of radius, a, corresponding to a step-index waveguide, we can now use 
the V = k0ayJ2n0And number[13] to determine the dispersion curves, modes, 

confinement factors, etc. (The confinement factor vs. V number is given in 
Appendix B: Theoretical Odds and Ends.) Interestingly, the phase shift of an 
abrupt aperture, <t>0, and the Fresnel number for the cavity, F=aln0/(kLc) are 

related to the Vnumber by, V = -jAxfoF . 

The distributed index step: 

Using the analysis so far, one would determine the effective index step of an 
equivalent uniform waveguide from the phase shift given in Eq. (4-2) and Eq. 
(4-6) to be, 

*nd(x,y) = renAA*[fmax -t(x,y)]/Lc (4-7) 

However, this relation is only accurate for small index differences between the 
aperture and the semiconductor.    A better approach to use the dielectric 
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constant, which is the fundamental parameter in the wave eauatinr,   A« H„ 
so by Had,ey[8], a distributed dielectric constant sd is de&eolT 

^fcrt = fe(wp(zfdz/j\yuftl2 (4.8) 

where *(z) is the longitudinal electric field in the unapertured VCSEL 

^/"TT * C;'CUlKated USin8 3 '-D «— -ultnnitS 
<0,0tz)). Then the distributed index difference is given by: 

^^V^fe^-v^T (4.9) 
where v., is the value of     where ^ 

dts.nbu.ed index difference can now be used to estnnate mode   ,t L Ito 
used m Eq. (4-6, to determine the effective phase shift of the aperbt 

If one approximates «he VCSEL field' as fvf co^^^.u, in the 

DBfo and W cos2^,,) between the DBRs plugs that into Eq. (4-8) and 
•akes the Itmi. of small index steps, dun apertures, a penetration depth Ion» 
compared to me period of oscifiation, men we obtain a ^milar ta more 
accurate version of Eq. (4-7): ut more 

An.fa vl J-Zj-Z-"^ I ['■■»-'fey)!.. 

where LCErL^LEI+La, which is almost the same as Ic, when the index of 
the spacer ts near the average index of the cavity. 

The variation in the distributed index step as an aperture is moved from peak to 
null through the VCSEL cavity is illustrated graphically in Figure I'^e 
sohd fine shows tine distributed index difference vs. the nurturePotion TL 
mdex step was calcuiated for a 20nm thick aperture with ^=L55 Se dasW 
me, mdtcates tine mdex of tine unapertured cavity. (For theturpose of h^„g 

a conttnuous curve, we have allowed the aperture to movTinto tine GI 

reg-ons. Consequently, kinks occur a, the interfaces as tine index step rlt^n 

%£TJ2S baCk8r0Und "" ChangeS)   T» v-.ion 1 otTry 
smTAl m   rlT7Ve,m,enSity' "d to *» limi' °f ^ apertures, Z small An, the d stnbuted mdex difference will be directly proportional o it 
The curves m F.gure 4-5 were ca.cula.ed ftom Eq, (4-8) and £<,), but tin y 
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agree with Eq. (4-10) to within 10%. (Using Eq. (4-7) causes errors three times 
larger.) 

0.07 

c 
< 

20nm thick aperture, 8nm Gain Region 
X=980 nm 
21.5 Mirror 

tu 
3.52 I 

5" 
3 a 
(0 
X 

2.95 

position, z 

Figure 4-5: Plot of the distributed index step, And calculated for a 
20nm thick oxide (n=1.55) aperture vs. position in the cavity. 
The refractive index distribution in the unapertured cavity is 
indicated by the dashed line. 

Eq. (4-10) may look nice on the back of an envelope, but in practice one 
usually has a transmission matrix program handy and can either use Eqs. (4-8) 
and (4-9) directly or look instead at the change in cavity resonance to obtain 
the distributed index step. 

As we know the change in optical path length from the unapertured to the 
apertured regions of the cavity will change the resonant wavelength. Consider 
the cases shown in Figure 4-6 for a cavity of nominally of length Lc-mAJ(2nQ), 
(where m is an integer). It is resonant at a wavelength, XQ when filled with a 
medium of index n0. When the index is reduced by And, the wavelength shifts 
to: 

A, =(Lc2(n0-And))/m = A0(\-And/n0) (4-11) 

And so, 
A/l//L0 =&nd/n0 (4-12) 
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Lc-mXJ(2n^ 

n, 

(a) 
"'^^iWS^WV^^S^Sf^^M 

(b) 

«/ 

(c) 
Figure 4-6: Cavities with two hard mirrors (a) filled by an index n0, (b) 

filled by an index of n0-And, (c) filled again by index n0, but of 
slightly longer length 

For VCSELs, the situation is very similar except that the effective cavity 
length of a VCSEL (the sum of the spacer length and the mirror penetration 
depths) is not normally a multiple of half the resonant wavelength because the 
effective phase penetration depth of the mirrors comes only from the change in 
phase from the center wavelength. However, if you just look at the change in 
the resonant wavelength, the second relationship, (4-12), as derived by 
Hadley[8] for index apertured VCSELs, still holds. Knowing this relation, one 
can then turn the problem around and calculate with a 1-D transmission matrix 
method or measure experimentally the shift in the 1-D cavity wavelength in the 
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apertured vs. the unapertured regions to determine the distributed index 
difference that is created by the index change of the aperture or apertures. In 
passing, we should mention that the change can also come from variations in 
layer thickness as shown in Figure 4-6c which might be created by etching and 
regrowth. If the change in thickness occurs in the spacer region of a VCSEL, 
then we can write, 

AA/A0=AL/LCT (4-13) 

where LCT=L(^-LTJ+L,2, is the effective cavity length based upon the mirror 
phase penetration depths and is almost identical to Z,£, (the length based upon 
the DBR energy penetration depths) and is within a few percent of Lc when the 
index of the spacer region is near the average index. The fractional change 
above can again be thought of as an equivalent fractional change in the 
effective index using (4-12). One can then apply the subsequent scattering loss 
modeling for apertures also to guiding based on changes in physical thickness. 

There are a couple of caveats when using changes in the resonant wavelength. 
If the aperture is thick enough and the DBR stop band large enough, the center 
mode may be shifted so far to shorter wavelengths, that a second mode at 
longer wavelengths will appear and one might incorrectly conclude the index 
change is of the opposite sign. A related problem is shifting the mode in the 
apertured region beyond the mirror stop-band in which case the 
approximations used to derive Eq. (4-12) do not really hold. In these cases, it 
may be more accurate to use the integral approach Eq. (4-9). Although 
reference [8] suggests significant discrepancy between the methods, they agree 
(as we show next) for thin apertures provided one uses the same standing-wave 
intensity profile for all values of x and v (in accordance with perturbation 
theory). 

In Figure 4-7, we plot the distributed index difference vs. the aperture 
thickness for an aperture positioned in the first quarter-wave layer of the DBR 
(as shown in Figure 4-5). The three sets of curves show Awd vs. the thickness 
of the aperture in the cases that the thickness is increased from the standing- 
wave null, from the standing-wave peak and from the center of those positions. 
The dashed lines correspond to the result of Eqs. (4-8) and (4-9) while the solid 
lines are the result of Eq. (4-12).  For the aperture starting from the null, the 
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increase in And is much slower initially than for the aperture starting from the 
peak. Initially, the increase is quadratic with thickness. Thus, if an aperture is 
tapered in a linear fashion from the null, then the effective phase profile will be 
parabolic. 
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Figure 4-7: The distributed index difference, Anj, calculated for the 
same unapertured cavity as labeled in Figure 4-5 now plotted 
vs. the thickness of the oxide aperture extending from the peak 
of the standing-wave, from the null, and from the center of 
these positions. The solid lines indicate the result of Eq. (4- 
12)and the dashed lines indicate the result of Eqs. (4-8) and (4- 
9). 

Lasing Wavelength(s) 

We have described how the aperture shifts the distributed index from the core 
to the "cladding" or apertured regions of the VCSEL. And we know that the 
actual mode will have some effective modal index, nm between n0 and «d.min. 
For the case of circular step-index waveguides, we can determine that effective 
modal index from the V number, which we can use to get the normalized 
propagation constant, b[\3] that we can read from dispersion charts or 
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calculate ourselves. The index difference, Anm =n0-nm, between the "core" 

index, n0, and the mode index is approximately given by: 
Anm=(\-b)And (4-14) 

when the distributed index steps are reasonably small. (And they typically are 
in comparison with the average index!) When the mode is in a fiber, we know 
the wavelength is constant, but the propagation constant, ß=(2n/X)nm changes 
for different modes. In our subsequent analysis of diffraction/scattering losses, 
we will be examining "unfolded" cavities and these will appear similar to 
continuous fibers in the sense that we will hold the wavelength fixed and ß will 
change. However, for determining the amount of diffraction it is not very 
critical to account for the change in wavelength because the percentage change 
is very small. Of course, we know that in the actual cavity, we have resonance 
which will force the wavelength to change so that ß is the same for all modes. 
(More precisely, we should say ß=m2nn0/'k0 for all the modes, where X0 is the 
resonant wavelength of an unapertured cavity - the longest wavelength that a 
mode can have, and m is an integer not necessarily the same for all modes.) 
For the case of abrupt apertures, we can satisfy this condition using the circular 
step-index waveguide analysis. We can determine the difference, 
AÄm =A0-Am, between this "core" wavelength and the lasing wavelength, to 

first order, using: 
AÄm     Anm     (\-b)And 

K no no 
(4-15) 

which one can verify will cancel any first-order changes in ß from the change 

in nm. 

Using the different 6's for different modes, one can find their wavelength 
separation. And this separation of modes predicted from a uniform waveguide 
model has been shown to match the wavelength separation measured in 
VCSELs[14]. Consequently, measuring the changes in resonant wavelength 
for the first-order and higher order modes allows one to work backwards and 
find the VCSEL aperture size which will produce such a wavelength separation 
as done by Thibeault[15], Floyd[16] and others. 
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Gain and Thermal Guiding 

When the index confinement is very weak, we will eventually need to consider 
the effect the gain has confining the mode. The "gain" confinement in the case 
of no lateral variation in the real part of the refractive index has been analyzed 
previously in ref. [9]. The confinement due to the gain is typically much 
weaker than any index confinement. If the change in the imaginary part of the 
index is distributed through the cavity then the index step is 
lm{And} = G/(kQLc), where G is the gain per pass. For typical VCLs, 
G=0.005, Zc=1.2um and A=lum, lm{And} = 0.0007, which is generally much 
lower than the real part of the index step. The gain also induces a similar size 
change in the real part of the index (through the Kramers-Kronig relation). 
Either change, however, will affect the mode shape only for very weak index 
guiding. 

A more important limit to consider is that of thermal lensing. Guiding may be 
dominated by thermal lensing when a large temperature gradient exists within 
the radius of the aperture. For typical AlGaAs/GaAs VCLs the mode moves 
~0.06nm/°C [17]. For a 20°C gradient, A=lum, and «=3.2, then 
And = ndd/A = 0.004. Even apertures with relatively small distributed index 
steps (five to ten times this value) will still dominate the waveguiding in a 
device. 

Overview of Index aperture optical losses 

The periodic nature of the guiding revealed by an unfolded cavity, like that in 
Figure 4-4a shows that an abrupt aperture cannot perfectly focus the mode and 
so there will be some power radiated laterally. There can be other size- 
dependent optical losses as well such as absorption by the aperture or 
scattering due to the roughness of the aperture. However, the loss we will be 
considering in the next sections is due to the imperfect lensing of the aperture. 
By imperfect lensing we mean there is a modal mismatch between the 
aperture/lens region (which, in the case of abrupt apertures, has Bessel 
functions for modes) and the unguided region with free-space or Hermite 
Gaussian modes. This mismatch must be accommodated by a superposition of 
higher-order guided and radiation modes.   Technically speaking, the whole 
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mode of a laser is a radiation mode, but one often considers it in several parts 
by expanding it in the basis set, say of modes of a waveguide which is uniform 
along the z-axis. From this perspective, we can estimate how much power is 
radiated away uselessly (i.e. power which cannot be captured by a reasonable 
numerical aperture just beyond the output facet). 

In the next sections, we will present calculations of the scattering loss based on 
coupling losses and based on a more complicated iterative model. These 
calculations have confirmed the hypothesis that optical scattering losses are 
responsible for the increased gain and lower slope efficiencies of small <4um 
diameter VCSELs with abrupt, 80nm thick apertures. And the calculations 
directed subsequent VCSEL designs towards optically weaker (thinner or 
positioned at nulls) or tapered apertures for lower scattering losses at small 
diameters. 

Effect on threshold gain: 

The scattering losses we will calculate in terms of the excess loss per pass, as. 
Since the gain will need to rise to match these losses, the threshold condition 
now reads: 

VenhgLa = \{?\ + T2 )+ «A4 + «5 (4.16) 

G = a0+aBA+as 

where T, and T^ are the power transmissions for a plane-wave at normal 
incidence upon the top and bottom mirrors, T^ is the enhancement factor for 
the gain region (between 0 and 2), g is the material gain per well (in units of 
inverse length) - assumed here to be laterally uniform, La is the total length of 
the active region(s), and aBA is the size independent loss per pass due to 
absorption from dopants, etc. (aBA=amZc may be thought of as an average 
material absorption, am, in units of inverse length times the cavity length.). We 
have also expressed the equation in terms of the modal gain per pass, G, and 
the transmission loss per pass, a0. Later, we will use the change in the modal 
gain relative to that for a planar structure, AG= as to determine the excess loss. 
We also note that if the injection of carriers can be kept within the aperture 
then the lateral confinement factor Txy will decrease as the aperture closes, and 
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this will cause the gain to increase, but will not change the modal gain which is 
what we use to define the scattering losses. (If one just examines material 
gain, g, sometimes it appears as though thicker apertures will be "better" 
because of a larger lateral confinement factor.) 

Effect on slope efficiency: 

Scattered light has to go somewhere, and if we could collect all of it, then in 
theory we would not observe any change in the slope efficiency. However, as 
we found from calculation, most of the "scattered" light travels at angles so far 
off-axis it is totally internally reflected at a planar air/semiconductor interface. 
This light is hard (impossible) to capture with any reasonable numerical 
aperture just outside the cavity. And so one may write the modified slope 
efficiency as: 

TJ2 
IEX = 7, 7 v (4-17) {a0+aBA+as) 

where 7", is the output mirror power transmission. We will discuss the path of 
scattered light further after describing the iterative model to calculate the 
scattering losses. 

Single-Pass Coupling Loss Estimate of 
Scattering Losses 

To estimate the scattering loss per pass, we can calculate the coupling losses 
after passing an appropriate mode through one unit cell of the periodic 
structure shown in Figure 4-4. Unfortunately, guided modes for the periodic 
structure only can be found in the cases of a parabolic aperture (ideal lens) or 
vanishing cavity length (uniform waveguide). In other cases, the periodic 
waveguide radiates energy to free space. In order to estimate the loss in these 
cases, we will take a perturbation approach and consider the periodic 
waveguide as a perturbation of a uniform waveguide. The mode of the 
uniform waveguide has planar phase fronts. And so it should match the mode 
of the periodic waveguide best when that mode of the periodic waveguide also 
has planar phase fronts. As shown in Figure 4-4b (in the case of an ideal lens), 
planar phase fronts occur exactly halfway between each of the apertures (given 
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the symmetry we have chosen). Thus, we have chosen to begin the cell at this 
position. As we describe in Appendix B, the uniform waveguide equation 
matches the periodic waveguide eigenmode equation to second order in Lc 

when the cell begins midway between the apertures (or in the middle of the 
aperture), but the equations match only to first order in LQ when the cell 
begins elsewhere. 

Although the periodic structure will perturb the uniform waveguide mode, an 
important result of perturbation theory is that a first order change in the mode 
provides only a second order change in the propagation constant [18, 19]. 
Thus, the technique should be somewhat tolerant to error in the choice of the 
mode. 

The procedure for estimating losses is outlined in Figure 4-8. We pass a 
uniform waveguide mode once through the cavity and compute the overlap 
with the original mode. The scattering loss is taken to be one minus this 
overlap. Essentially, what is being assumed is that the power not coupled back 
to the original mode is lost to radiation. Obviously, some power could be 
coupled to higher order even modes. And perhaps it would be more accurate to 
also compute the power coupled to the third order uniform waveguide mode 
and subtract that from the scattering loss. Nevertheless, as we will describe, 
the procedure shows good agreement with a more accurate iterative model that 
solves for the actual mode. 
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^k^nJL, 

Figure 4-8: Flowchart of the single-pass coupling loss estimate of 
scattering losses. First, the effective index is found for an 
equivalent uniform waveguide and the scalar mode is for that 
waveguide is calculated. Next the uniform waveguide mode is 
propagated through half a cavity length, phase shifted by the 
aperture (using a phase shift corresponding to the uniform 
waveguide index step), and propagated through another half 
cavity length. The scattering loss is taken to be difference 
between unity and the overlap of modes. For apertures 
without tapering, a fitting formula was found for the results of 
this procedure which allows one determine the scattering loss 
by simply "plugging in" the Fresnel number and the effective 
phase shift of the aperture. 

We will also show the results of this procedure for apertures without tapered 
tips can be summarized by a fitting formula (Eq. (4-25)) for the scattering loss 
in terms of the effective phase shift of the aperture and either the Fresnel 
number, F, (of the cavity) or the V number of the uniform step-index 
waveguide. Now we show the details. 
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Formalism 

Mathematically, passing a scalar mode, ¥, through a cell of the periodic 

waveguide can be represented as the operator, P . 

P¥ = i)exp{MxN,yN)}i>V (4-18) 

The middle factor expresses the position-dependent phase shift of the aperture 
defined by Eqs. (4-6) and (4-9) or (4-12), and D is the free-space propagator 
for the wavefunction diffracting through half a cavity length. The operators are 
in terms of normalized coordinates: xN = xla, yN =yla, where a is the 
characteristic size of the aperture. For abrupt apertures, a is defined simply as 
the radius of the aperture. The D operator is defined (in the Fresnel limit) by 
[13] 

D = F-1 exp{-jk?NLc/(4k0n0a
2)}F = F"1 exp{-jk?N/(UF)}*     (4-19) 

where the operator F is the Fourier transform defined by 

F = JfdWV exP {fkxN
xN + J kyNyN } (4"2°) 

Again, we are using the normalized variables, kxN = kxa, kyN = kya and 
2 

k2
rN = k2

xN + f$N. F = ^- is the Fresnel number [13]. 

The scattering (coupling) loss per pass, as is now written as 

«5 =1-| \\dxNdyN^?^ l{\\dxNdyM2) (4-21) 

What is important to observe from these equations is that for a given aperture 
shape the scattering loss only depends on two parameters. As we have 
expressed on the right-hand side of Eq. (4-19), the diffraction only depends on 
the     Fresnel     number. Let    us    next    write    the    phase     shift 
s&</)(xN,yN) = #Qs(xN,yN), a product of a characteristic phase shift of the 

aperture, #,, and, s(wN), a function which only depends on the aperture 
shape. Modes of the uniform waveguide (for a given index profile) are the 
eigenmodes of P in the limit that A/id(x,y) is held constant and Lc approaches 
zero (as shown in Appendix B.) So these will also only depend fa and F. 
Therefore, once the shape of the aperture 5(xN^N) is defined, the scattering loss, 
Ls is only a function of $, and F. 
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Analysis of Parabolically Tapered Aperture (Ideal Lens) 

For the case in which the phase shift is parabolic, i.e., $>(/•) = -k^n^r2/(2f), 
corresponding to a lens of focal length, / then so long as / > Lc/4 (for the 
symmetric cavity) the eigenmodes of the periodic waveguide, P will be all 
guided, Hermite-Gaussian modes [10]. This can be seen easily by operating on 
a Gaussian mode with P. The Fourier transform will yield a Gaussian which 
when multiplied by a quadratic phase will still be Gaussian. One can solve for 
the Gaussian beam-waist such that P¥ = e^T (where 9 is a real constant). 
Plugging this condition into (4-21) gives identically zero scattering loss. 

Analysis of Abrupt Apertures 

For an abrupt aperture, 

«*) = { o ^ (4-22) 

In this case there is scattering loss to radiation, so as described before, we will 
use the guided mode that best approximates the mode of the periodic 
waveguide to calculate the scattering loss. The mode of the uniform, circular, 
step-index waveguide is determined simply from the V number [13], and in the 
limit of small index steps, 

V = k0aj2n0And = j4xj0F (4-23) 

is only a function of $, and F as asserted above. As commonly done, the V 
number is used to find the normalized propagation constant, b, and then the 
lowest order mode which is given by[13]: 

Y(    ) = Po(^)/J0(^)    rN<\ 
[Ko(rNrN)/K0(yN)   rN >1 ^ M) 

where J0  and  K^  are   Bessel   functions,*^ =Vy/\-b,   and   yN=Vy[b. 
Knowing the mode shape, we can then use Eq. (4-21) to find the scattering 
loss, <%. 

In Figure 4-9, we plot using solid lines the scattering loss (for abrupt, circular 
apertures) vs. the Fresnel number, F for different values of the phase shift per 
pass, <fa. 



Chapter 4: Analysis of Index Aperture Optical Confinement    109 

X=0.98um,Lc=1.15 um,n0=3.52 

Radius, a (Mm) 
0.6     0.8    1 

0.8 ET 
Actual Calculation 

Fit Function 
«t,0=(27t/X)AndLc 

= 0.547 
(An =0.074) 

<f> =0.442 

(An =0.060) 
d 

(An =0.038) 
d 

o6-1- J-l-1 

1 10 

Fresnel Number, F=a2nQ/(XLc) 

Figure 4-9: Results of the single-pass coupling-loss estimate for 
scattering loss for laterally abrupt apertures. The estimate 
only depends on two parameters: the Fresnel number of the 
cavity (plotted along the x-axis) and the effective single pass 
phase shift of the aperture, $,. For reference, the radius, a, of 
the abrupt aperture is specified along the upper axis for the 
parameters given. Using those same parameters we have also 
given the index step, And shown in parenthesis. The solid 
lines show the result of Eq. (4-21) and the dashed lines are 
calculated from an approximate fitting function, Eq. (4-25). 
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To get a feel for the Fresnel number, we have included a scale of the aperture 
radius along the upper axis (for the particular set of parameters given at the top 
of the graph). These same parameters yield 4=0-442 when A«d=0.06. For a 
large Fresnel number, we see the scattering losses decrease. The larger Fresnel 
number can be obtained from a shorter cavity length, an increased aperture 
size, or a shorter wavelength. In either case the mode diffracts less, arid the 
losses are lowered. Alternatively, as the optical strength of the aperture is 
decreased (i.e. $, is lowered), then the scattering losses also decrease. A less 
intuitive feature of the plot is that for small fo and small F, the scattering loss 
tends to zero. In this region, the waveguide becomes so weak that further 
shrinking of the aperture size widens the mode, decreasing the amount of 
diffraction. 

We can add curves in Figure 4-9, to cover many more values of $,, and 
subsequently fit those curves to a functional form. We can then obtain a 
formula for the scattering loss of the lowest order mode of abrupt, circular 
apertures: 

ji,i.y       [   n on/*l 

as(% per pass) =2.28^Texpj—'—\ (4-25) 
b ' I    <kF J 

The dashed lines in Figure 4-9 show the results of Eq. (4-25). This formula 
matches the results of Eq. (4-21) extremely well for the smaller values of $,, 
although at higher values the formula begins to deviate from Eq. (4-21). Given 
the correspondence between the step-index uniform waveguide and the 
periodic waveguide with an abrupt aperture, we can also express Eq. (4-25) in 
terms of the V number using the relation in Eq. (4-23): 

as (o/operpass) = 61.2^rexp|-^| (4-26) 

This analysis can also be extended to higher order modes to determine the 
mode suppression ratio created by scattering losses as done by Dan Lofgreen 
(unpublished). The main conclusion of such analysis is that to obtain a 
significant mode suppression ratio (~30dB), the lowest order mode also must 
suffer severe scattering losses. 
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Analysis of Tapered Apertures 

To estimate losses for cavities with tapered apertures, we would like to find the 
mode of an axially uniform waveguide with a tapered index profile and then 
use Eq. (4-21) to estimate the loss. Unfortunately, performing such a 
calculation may not be much easier than directly using the iterative method 
described in the next section. One can instead use a cruder estimate for the 
mode to calculate the loss. As mentioned before, the first order error in the 
mode will lead to only a second order error in the losses. Although using a 
Bessel function (the mode of a step-index uniform circular waveguide) in 
combination with a linearly tapered aperture yields lower losses than for an 
abrupt aperture, the loss is significantly higher than found using the iterative 
model (as we will discuss). Because the loss is so low the second order errors 
for this "cruder" estimate are significant, and to obtain greater accuracy one is 
forced to use the iterative method or to find the uniform waveguide mode. 

Comparison with measured losses for 
VCSELs with abrupt apertures 

Given the ease of determining the scattering loss for abrupt apertures in 
different structures, we can use the model to explain experimental results. In 
Figure 4-10, we compare the theoretical predictions to experiment for a variety 
of designs with abrupt apertures. We consider three different 980nm oxide- 
apertured VCSELs. (In Chapter 6, we will analyze experimental results for 
VCSELs with tapered apertures.) The experimental data for the scattering loss 
are extracted from the dependence of the differential efficiency on the aperture 
size [15, 20]. One uses an inverted form of Eq. (4-17) 

'HEX 
l z K'/EX      ) 

To use the above relation, one calculates a value for the output mirror 
transmission, T„ and determines ccBA by assuming that as=0 for large area 
devices. One must also estimate T|4 by some means (such as from in-plane laser 
measurements) and assume it does not vary with device size. We will discuss 
this issue further in the next chapter, but what is expected in theory and 
supported by experimental evidence is that the  injection efficiency  is 

aRA (4-27) 
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essentially constant with size (at least when the excesses loss is low) even with 
lateral current and carrier leakage increasing the threshold current. In some 
ways, the arguments are self-supporting because we will assume that the 
injection efficiency does not vary with size and see if we can explain the 
experimentally observed drop in slope efficiency from our estimate of the 
scattering losses. 

The size of the devices (presented in Ref. [16] and Ref. [15]) were first 
estimated from an optical microscope image of test patterns on the sample. 
Then to obtain more precise results the spacing (in wavelength) of the lateral 
modes was measured for the particular device under test. The uniform 
waveguide approximation [14] was then used to determine the device radius 
which would produce that same wavelength spacing. The method is accurate 
to within 5-10% and works better for smaller size devices in which the 
wavelength separation is larger. 

The first VCL has AlGaAs/GaAs mirrors and a 80nm oxide aperture. A full 
description of the structure can be found in [16]. Assuming a spacer 
completely of index of «0=3.21, we calculate a cavity length of LQ/ 

/70=0.483um (F=4.8 at a= 1.5 urn) taking into account the extra "kll spacer and 
grading using the method specified in Appendix B. We show the calculated 
loss for the case of an oxide aperture in the structure, which has a An^O.055 
and, consequently, $,=0.547. And we show the case in which air is used 
instead of the oxide, yielding, A/7</=0.068, and consequently, $,=0.676. Even if 
the aperture were air instead of oxide, the predicted losses are not significantly 
higher despite the larger index step. 

The second VCL also has AlGaAs/GaAs DBR mirrors, but with a thinner 
30nm oxide aperture [15]. The thinner oxide leads to a lower Aw^O.02 and 
$,=0.174. The shorter cavity length of Ltf n0=0A23y.m (F=5A at a=1.5um) is 
due to using a higher aluminum mole fraction in the top DBR. 

The third set of data corresponds to a 47nm thick oxide layer in a M2 spacer 
region with a MgF/ZnSe top mirror. The loss was extracted from differential 
efficiencies in Ref. [21] assuming rjj=0.S. Despite the variation in the data at 
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the smaller size, the losses are still significantly lower than those predicted for 
the device with the 80nm thick oxide, and in the neighborhood of the 
theoretical prediction. The high contrast mirrors and short spacer, lead to a 
very short cavity length of LQIn0=030\im (F=7.7 at a=l.5um). The aperture 
position (near a standing-wave null) keeps the index step A«<f=0.023 roughly 
the same as the device with the 30nm thick oxide. 
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Figure 4-10: Comparison of the single pass estimate with experimental 
results with 980nm oxide-apertured vertical-cavity lasers. The 
data indicated by solid black squares is from Ref. [16]. The 
device has an 80nm thick oxide aperture and AlGaAs/GaAs 
mirrors. The two upper theoretical curves with $,=0-676 and 
$,=0.547, respectively correspond to 80nm thick air and oxide 
apertures in that device. 
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with a 30nm oxide aperture and Air »A %I} 6V1Ce 

Ref NS1 Th^ l T and AJGaAs/GaAs mirrors from 
Ref. [15] The lowest curve using the shortest cavity length 
fcjn;=03m and ^=0.129, corresponds to data (indicated bv 
the four-square pattern) from Kef mi   -n.7 y"™ ated by 

for «he upper two curt%T'=5 4 ^T^T ^ 
curves. -^ana/<-7.7 for the lower two 

reasonable ^Z^Ä^,^-^ f """ ^ ' 
weaker) aperture, and shot ^^£T t "^ ^^ 
differential efficiency in actual de4es " "" SCa"n8 °f the 

Aperture Absorptive losses: 

The aperture can absorb as well as ran» i:„u. 
dependent losses.   For oxidesTf ATCAL   *     Crea""g ^^"^ size 

enough around JWum ,hT ' *' material abson"ion « smalj gn around 1^,1« accurate measurements of it have not been made 
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but a relatively high upper bound on the absorption is aox=100cm"l[22, 23] 
which is the measurable absorption in the UV from ellipsometry of thin films 
and estimated absorption in in-plane waveguides at lum[24]. Even with an 
absorption this high, the loss per pass is still estimated to be extremely small 
(negligible in comparison with scattering losses). In Figure 4-11, we show 
such an estimate which was made by using the effective index steps shown 
(A/7d=0.004, 0.02 and 0.06) to calculate the mode for a step-index uniform 
waveguide. The fraction of power absorbed was determined from the overlap 
of the aperture and mode times ccox /ox. (We're assuming the oxide is midway 
between a peak and null of the standing wave so that tox and the absorption 
scales linearly with A/id.) Although the lateral overlap of the aperture and the 
mode increases as the aperture gets thinner, the smaller thickness more than 
compensates so the overall absorption goes down. For the excess loss to be 
significant, the oxide thickness or the material absorption would need to be an 
order of magnitude higher. 
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Figure 4-11: Estimated absorptive loss if the oxide had 100cm"1 loss 
(for the purposes of estimating the mode an abrupt aperture 
was used). Notice the maximum of the vertical scale is only a 
fraction of the scale on the scattering loss graph. 
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Iterative Calculation of Mode and Scattering 
Losses 

Although we found a simple estimate for the scattering loss from the coupling 
loss, we would like to verify the estimate and see what other subtleties of the 
problem there are to uncover. Unfortunately, the exact calculation of the mode 
and losses in the apertured VCL would require a full three-dimensional, vector 
solution of Maxwell's equations. A close approximation is to use a finite- 
difference approach to solve the 3-D scalar Helmholtz equation as is done in 
Ref. [25]. Other techniques which can be applied to the problem include finite 
difference beam-propagation [26] or the method of lines [27]. Here we will 
take a simpler approach, but account for the essential features of the problem 
not addressed by the single-pass coupling loss estimate: namely that the mode 
shape will be perturbed by periodic waveguiding and that the hard-mirror 
approximation is not exact. We follow a method analogous to the classic work 
of Fox and Li[28]. In that work, Fox and Li find the mode of a resonator 
formed by two mirrors and an opaque aperture. They propagate a scalar field 
(via the Fresnel integral) around an unfolded cavity until the field no longer 
changed shape (at which point it is considered a mode of the cavity). In this 
work, we will propagate a scalar field around a VCL cavity as shown 
schematically in Figure 4-12. This is an extension to two dimensions of the 
approach we took in [ 11 ]. 

To propagate the field in the mirrors and spacer regions, we decompose the 
field into its plane-wave Fourier components and multiply them by R(kx,ky), 

the angular reflectivity spectrum of the DBR mirror and the spacer region. 
R(kx,ky)   is calculated using the transmission matrix method for a multilayer 
stack [29]. For simplicity, we have used equal mirror/spacer reflectivities. The 
multiplication in the Fourier domain is analogous to the diffraction of the mode 
through one cavity length (under the hard mirror approximation). Because the 
mode in a VCL is highly paraxial, the reflectivities for s and p polarized light 
are nearly equal. Nevertheless, to best approximate the actual polarization 
dependent problem, we used the average of the reflectivities for s-polarized 
and p-polarized waves, which is an accurate approximation for a linearly 
polarized, radially symmetric mode such as the fundamental lasing mode. 
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(Consider evaluating the integral in Eq. (32) in Ref.  [7] for a radially 
symmetric mode.) 

Absorbing boundary l(x,y) 

Phase Shift $(x,y) Gain g(x,y) 

Figure 4-12: Schematic of the iterative model which incorporates the 
angular reflectivity spectrum of the DBR mirrors and a 
spatially dependent gain region in addition to the dielectric 
aperture. The arrows follow the path of the lateral field profile 
around the cavity. The field is alternately multiplied in the 
spatial domain by T(x,y), and in the spatial frequency domain 
by R(kx,ky), the angular reflection spectrum of the spacer 
region and the DBR mirror. The iteration ends when the 
lateral field profile changes only by a fixed phase shift from 
one pass to the next. 

To propagate the field through the dielectric aperture, the field is given a 
position-dependent phase shift fay). At the same time, the field is passed 
through a position-dependent gain region g(x,y) and an absorbing boundary 
t(x,y). These position-dependent functions are contained in one factor 

T(x,y) = exp[g(x,y)/2 - t{x,y)/2 + Mx,y)] (4-28) 
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We used a uniform gain i.e. g(, < a) = go and Ä, > a) = 0.  As mentioned 
before the gam plays little role in the guiding.  This was easily observed by 
settmg Ax^ mi obtaining a much larger mode   At tte ^ y 

w, I mcreaae because the mode wil, expand beyond a. But mis increase 'Z 
no, affect me modal gain which we will use to determine me scattering loT 
The absorbmg boundary is needed to prevent aliasing as a result of me FFT 
The boundary ,s defined by t(r < *,) = Oand f(r > „f) = 02. The edge of me 
boundary was adjusted based on the size of the mode so «ha. moving it further 

«or'-8 Ri) m not change - - ^ *■ ™ ^ 

By sequentially diffiacfing the mode through the mirrors and passing i, through 
he apermnng regton, we propagate the mode around the VCL cavity 

(followmg me path shov™ in Figure 4-12). Formally, we can express sending 
the field through one round-trip as the operator, Q2 

Q2 = F-'R(k„ky)FT (JCrtT-'mt^FT (x,y) (4-29) 

fieU^v')Tdt ""' 8ain:f ,hC VCL CaVi,y' W ** b? «--8 *e field, V(x,y), and then repeatedly propagating the field around me cavity (by 

applymg Q). During mis process, the gain, g, is adjusted to match the losses 
(Weemulate the gain ma, will match the losses of me previous pass and men 
move the gam a faction of me way to this value. In fids manner, the gain is 
™ed slowly so that higher order components and radiation no. belonging o 
.the lowest order-mode will be stripped away.) The mode is propagated unÜl 
the field only changes by a fixed phase from one pass to me nex.,7e 

*„♦, -Q*„ = ejäV„, where >P„ is the field after the „* pass and 0 is a 
constant (spatially independent) phase shift.   (This typically takes I-4xl0< 
tterattons for the precision we desire for the gain.)   A, LTpSn VI 
constdered ,o be a mode of me system. As in Fox and Li's analysis RSI we 

entoreed (i.e. 0*0). As dtscussed in the section on lasing wavelengths this 
ort of propagation leaves the wavelengti, fixed, bu. as fit as diffxSont 

concerned, me error in the wavelengti, (around 0.!%) will no, have a big effl, 
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Losses for abrupt apertures 

The results for the scattering loss obtained from this iterative method (for 
abrupt apertures) are plotted as the solid lines in Figure 4-13.  The scattering 

loss is defined relative to the loss, a0 =1-|ä(0,0)| , for a plane wave at 

normal incidence.  We determine the scattering loss, cts, from the modal gain 

per pass,G = JJd&wfyl^V | eg{x,y) -1 = a0 + as in which we have used ^N > 

the normalized mode which satisfies JJdbafy|H'jV|   =1. During the simulation, 

we set the background absorptive losses in the mirror to zero. If included, we 
would also need to subtract these. See Eq. (4-16). 

Figure 4-13 shows the loss vs. aperture radius for three different cases. In cases 
B and C, we use the shorter cavity of length LC/H0=0.327 um, and for the case 
A, we use the longer cavity of length Z,c/w0=0.468 urn. The parameters for 
these cavities are given in Table 4-1. The lowest loss, case C, was produced 
with a small effective index step of And=0.02. From Figure 4-7, we see this 
step may be produced with a 12nm thick oxide aperture placed at the start of 
the first DBR layer. Case B, uses the same cavity length, but the index step is 
higher Awd=0.06 which could correspond to the same structure, but with an 
oxide aperture nearly filling the first quarter-wave layer (See Figure 4-7). This 
larger index discontinuity in case B leads to the higher losses-. 

In case A, we have a longer cavity length, increasing diffraction, but the index 
step is reduced to A/7d=0.042 to yield the same phase shift per pass, <f>, as in 
case B. Physically, this adjustment is the same as increasing the cavity length 
for a fixed aperture thickness. 

From the cavity lengths and the index steps, we can determine the phase per 
pass, <p, and the Fresnel number, F, for a given aperture radius, and then 
compute the scattering loss based on the single-pass estimate presented in the 
previous section. The single-pass estimate for the scattering loss is shown by 
the dashed lines in Figure 4-13. The estimate matches to within -10% with the 
iterative calculation even for different cavity lengths and index steps. One 
reason to expect a good match is because the modal overlap is better than 99% 
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between the lowest order mode of the uniform waveguide and the mnA. „f A 
iterative calculation (even at the smallest aperture sizesT 

Iterative Model 

Single Pass Estimate   - 

(A) Lc/n
0
=0-468 Mm, 

: 
(B) Lc/no=0-327 Mm,     - 

15      2     2.5      3     3.5 

Aperture Radius (urn) 

Figure 4-13: Comparison of the scattering losses calculated bV the 

SEC 
(c°rrÄ tsinsie pass— 

same    effect ve   Xse    ,Wft ' ' "P"*™ W"h *e 

approx^lstorape^.TefiSK 
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Case (A) shows the loss for the longer cavity (See Table 4-1), 
which has a 1.5A. spacer region and Al0 „Ga,, 33As/GaAs 
mirrors. Case (B) shows the loss for the shorter cavity, (also 
in Table 4-1) which has a 1 X spacer region and binary 
AlAs/GaAs mirrors. Case (C) also uses the shorter cavity, but 
the aperture has a smaller phase shift per pass corresponding 
approximately to a 12nm oxide aperture placed at the first 
DBR interface. 

Lastly, we should mention that the slight "bumpiness" in the curves is not due 
to lack of convergence or a limit to the spatial frequencies. Even more 
bumpiness is observed using hard mirrors in the iterative model. (In that case, 
losses also oscillates as a function of cavity length) The bumps are related to 
the lateral interference of waves and are also observed in other models. In fact, 
if you were to use the analysis by Marcuse[30] to compute the coupling from 
the fundamental mode of a uniform slab waveguide to radiation modes under a 
sinusodial perturbation along the z direction, you would see the coupling 
oscillate as a function of the aperture width and even drop to zero at some 

points. 

Shorter Cavity Longer Cavity 

Wavelength, X (nm) 980 980 

no 3.52 3.52 

L0 
\X 1.5 X 

nL 
2.95 3.12 

nH 3.52 3.52 

nE 
3.52 3.52 

DBR Periods 21.5 30.5 
Lc/no (urn) 0.327 0.468 

Table 4-1: Parameters for the cavities used in the iterative calculation 

Losses for linearly tapered apertures 

From the unfolded cavity picture, we know that the lowest scattering losses 
occur with a parabolic index profile. Although we cannot produce this in 
practice because the current also would be blocked, we can attempt to approach 
this ideal case by tapering the aperture. 
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(ßo^hknJL 

Figure 4-14: Phase shift for a linearly tapered aperture 

For a linear taper we define the phase per pass as, 

</>o=k0AndL r<a 

Hr) = -0o{a + Aa-r)/Aa   a<r<a + Aa (4.30) 

0 r>a + Aa 

Pictorially, this equation is shown in Figure 4-14.    Let us now compare 
Afferent types and amounts of tapering.   We would like to plot the loss vs 
aperture s,ze as before, but the radius of the aperture is not clear. We can make 
an appropnate comparison of optical loss if we compare modes of the same 
size. For the fundamental mode, we define the mode radius. „, hv 

"- = ii IW^Vlmo)!2 (4.3l) 

For a Gaussian mode, a. is the radius where the field' drops by l/(? from me 

peak^ ,„ Ftgure 4-15, we show the behavior of the mode radius vs. theTnne 
aperture radms, a, for abrupt and linearly tapered apertures.   For the abrupt 
apertures, we have also mdicated with dots foe size predicted from a uniform 

Ten, *Z7*"de rdel-   N°,e h°W WC" * » abk <° "»** «* ^ except at the very smallest apertures. Also observe that foe size of foe mode 
will me** as the aperture closes for the smaller index step. This effect 

occurs as also expected in a uniform step-index waveguide. 

Wifo these considerations in mind, we now examine the scattering loss vs. foe 
mode ize for foe two types of abrupt apertures, two apertures wifo different 
amount of hnear tapering and foe ideal parabolic case. See Figure 4-16 For 
the abrupt aperture (AH>> wifo foe larger index step, A^.06, foe mode size 
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scales with the aperture size and the losses increase for smaller sizes. For the 
smaller index step however, the mode size eventually expands at the smallest 
aperture size (0.2um) and the losses decrease as also predicted from the single- 
pass coupling loss estimate. The aperture which is linearly tapered (as defined 
by Eq. (4-30)) over Aa=0J\im represents the best of both cases. Now the 
mode scales with the aperture size and the losses remain low. To compare 
designs, we ended the lines in Figure 4-16, at inner radius of a =0.2 urn For 
the longer taper of Aa=4nm, the losses are low, but the mode does not shrink 
smaller than that of the lower, abrupt index step. We see if the taper is too 
short, then the scattering losses will approach the abrupt case. If the taper is 
too long, then the lateral confinement factor may become too small as the 
mode becomes much larger than the current aperture. Initially, this scenario is 
okay because the smaller active region will counter the lower confinement 
factor lowering the overall threshold current. 
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Figure 4-15: Mode radius vs. the inner aperture radius for abrupt and 
tapered apertures as calculated from the iterative model. The 
dots indicate the sizes predicted for modes of a step-index 
waveguide appropriate for the abrupt apertures 
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In practice, it is hard for a long taper to significantly lower the confinement 
factor because the current and carriers spread out. But a greater concern when 
making the taper long is the electrical resistance one will have for a given 
mode size. Another issue is the total thickness of the aperture - even when 
tapered - not because of the optical losses, but because of the multimodedness 
it creates. Even numerically it takes much longer to find the fundamental 
mode because the higher order modes want to stick around. But many modes 
all lasing in a small device may be desired when using multimode fiber. Here 
a thick tapered aperture is the way to go. 

As mentioned in the discussion of the single pass coupling loss estimate, we 
can attempt to estimate the scattering losses for a tapered aperture using a step- 
index waveguide mode or a Gaussian.    For the case of AA^O.06 and 
Atf=0.7um, we can use the uniform waveguide mode found by assuming the 
same index step occurring exactly in the middle of the taper.  For this mode 
the losses were about a factor of two lower than those for the abrupt aperture' 
but still several times higher than those calculated with the iterative model' 
Using a Gaussian chosen with the same mode radius as in the iterative model 
the losses are lower than the first estimate at the smallest size, but higher at the 
larger sizes. Though using the step-index uniform waveguide mode shows the 
correct trend, it appears one must turn to the iterative model for accurate 
calculation of losses with tapered apertures. 
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Figure 4-16: Scattering loss calculated for parabolic, linearly tapered 
and abrupt apertures using the shorter cavity (See Table 4-1). 
The upper two curves for abrupt apertures (Aa=0) are from the 
same calculations for cases (B) and (C) in Figure 4-13 plotted 
here vs. the mode radius. The curves above were generated by 
varying the aperture inner radius or shape (in the case of a 
parabola) calculating the mode radius and scattering loss. 
Although the doubled valued curve for Aw<f=0.02 looks odd, it 
can be explained as follows: As shown in Figure 4-15, the 
same mode radius may be created two different aperture sizes 
because under weak index guiding the mode starts expanding 
even as the size of the aperture is reduced. The larger mode 
diffracts less and therefore has lower scattering loss as is also 
predicted from the single pass estimate shown on curve (C) in 
Figure 4-13. 



126    Chapter 4: Analysis of Index Aperture Optical Confinement 

For the larger index-step (0.06) there is a one-to-one relation 
between the mode size and aperture size (for the sizes of 
interest) and so we have indicated in the upper axis this 
aperture radius. The losses for the parabolic taper increase 
rapidly below 0.5 urn since the mode diffracts at angles not 
strongly reflected within the first few DBR periods. The solid 
curve for the longer linear taper (Aa = 4.0 um) initially 
overlaps the dashed curve for the parabolic taper; however, the. 
aperture closes, and the long linear taper cannot produce the 
smallest mode sizes 

Losses for a parabolic taper and the DBR angular stop band 

The parabolic case (wither) = -^nQr
2l{2f) as discussed during the single 

pass coupling loss estimate of scattering loss) is indicated by the dashed line in 
Figure 4-16 which at larger sizes is overlapped by the solid line for the tapered 
case of Ao=4um. As expected, the parabolic profile produces the least loss for 
the smallest size modes. However, the losses abruptly increase below a radius 
of 0.6um.    This corresponds to a Fresnel number around one, which we 
calculate using the mode radius for the characteristic size, i.e., o=am. This rise 
does not occur under the hard-mirror approximation since the cavity is still 
stable for this focal length.   By examining the modal reflectivity from the 
DBR, we find this increase is caused when the mode size decreases so much 
that its angular spread exceeds the angular DBR stop-band.  Examples of the 
reflectivity vs. angle are shown in Figure 4-17. We see that the apparent "stop- 
band" of the mirror is sometimes masked by the last interface. When the DBR 
ends on air, rays at steep angles are simply totally internally reflected 
However, what also matters is how far the rays travel on average before being 
reflected.   Effectively what happens is shown in Figure 4-18.   The light that 
hits the last interface travels so far that it cannot recombine with the mode. 
Regardless of the final interface we can quantify the "correct" angular stop 
band, but we need to define yet another DBR penetration depth. 
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Figure 4-17: Reflectivity Spectrum vs. angle (as viewed from inside 
AlGaAs) for GaAs/AIAs DBRs ending on GaAs and on air 

Aside: DBR mirror ray penetration depth 

For small angles, the diffraction equivalent length of the mirror is defined from 
the change in phase of the reflection, 0(fcr) vs. incident angle, B, (see the inset 
of Figure 4-17) or equivalently the radial component of the incident £-vector, 
k=kQsin(Q)[7]. Consider a packet of rays pointing in the direction 80, but also 
localized in space say around x,y=0. Upon reflection from the DBR, the ray 
packet be localized away from the origin, say around x=x0xy=0, and the packet 
will also spread out laterally. Of course, when 90 is zero, the packet only 
spreads laterally is still centered at x,y=0. As we know this spatial dispersion is 
found from the second derivative of the phase and that defines the diffraction 

knnn d
2<£> 

equivalent DBR length, LD=- 
v0"0 

2    dkl 
[7].    For a packet of rays 

*r=o 

pointing at 0Q * 0, the packet will be translated laterally upon reflection, and 
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the amount of translation will depend on the first derivative of the phase (as we 
know from Fourier analysis). 

Total internal reflection 
at air/semiconductor interface 

Ray scattered \ 
off-axis , 

Aperture 

Re-circulating mode 

" "Mirror with limited 
angular stop-band 

Figure 4-18: Ray trace of scattered light interacting with a real DBR 
with a limited angular stop-band. For AlGaAs/GaAs mirrors 
the angular stop-band is not much wider than about 16° The 
light beyond this angle will travel through the DBR but 
eventually will hit some air interface (either at the end of the 
mirror as shown or the bottom of the substrate) Light at such 
an angle will be totally internally reflected and move out 
laterally. (In the numerical model such light will be captured 
by the absorbing boundary.) For mirrors with a wider angular 
stop-band, higher angle rays (and hence smaller modes) can be 
confined better. For mirrors with an angular stop-band much 
smaller than a GaAs/AlAs DBR, one may be able to collect 
some of the scattered light so the slope efficiency will be 
higher than expected despite an increase in gain. 
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If the ray packet had traveled a distance LK and back through a medium of 
index, «0, then the phase shift and first derivative would be given by: 

<*>>«= 2* A 
dQ^ldk^-lkrLtlk; 

(4-32) 

where kz = ^{k0n0f-k2
r .   Reversing the idea, we can find the equivalent 

k.  dO     ...      ,  ,   ■ 
ray penetration depth for a DBR mirror from, L

R
=

~^"J^- 
Mül0U%h L* 1S 

not defined precisely at ^=0, as kr -+ 0, LR -* LD for a DBR mirror (i.e. a 
reflector normal to the incident light). We have computed the ray penetration 
depth vs. sin(9) for the GaAs/AlAs DBRs we showed in Figure 4-17. Results 
of this calculation are shown in Figure 4-19. 
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Figure 4-19: Ray penetration length of a GaAs/AIAs DBR vs. angle as 
extracted from the variation in the phase shift of the reflected 
wave vs. sin(incident angle). For small angles the cavity 
length is constant and thus may be approximated well as a 
reflection from a single surface. However, rays at large angles 
travel on average much further before being reflected. 
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As expected the penetration depth is relatively constant near 9=0, but much 
larger for steeper angles. We see now that the index of the ending material has 
little effect on the ray penetration length angular "stop-band". 

This ray penetration length angular stop-band can be made larger by using a 

DBR with a rugher index contrast and thus a shorter LD. Figure 4-20 shows 
two examples using different dielectric mirrors. 
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Figure 4-20: Ray penetration depth vs. angle for higher index contrast 

K     ™J Hne is f°r a seven P^ quarter-wave stack 
«2 J"3«"2'48' nMgF=l-36. The solid line is for a X/8 AlOx + 
3A/8 GaAs seven pair stack with nAJOx=l.55,11^=3.52. 

Although the rays are evanescent in the ZnSe above sin(0)=O.55, they still 
tunnel through to the MgF where they can interfere and produce the 
oscillations shown. But above sin(0)=O.76, the rays are evanescent in both the 
ZnSe and MgF so no oscillations are observed. For the AlOx/GaAs the ravs 
are never evanescent in the GaAs so this does not happen. Interestingly, the 
ZnSeMgF mirror does not have a much wider angular stop band than the 
GaAs/AlAs mirror based on the ray penetration depth. 
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Other Optical Confinement Issues outside 
the Iterative model 

Multiple Apertures 

Using multiple apertures is one way around the problem of the DBR angular 
stop-band. One can add apertures to keep the mode focused as it moves into 
the DBR. However, extra apertures can also cause extra scattering. To have 
the iterative model work with two apertures in the mirrors would mean the 
mirror reflectivity could not be handled in the Fourier domain, among other 
complications, but we can turn back to the single pass coupling loss estimate to 
get a clue about the excess loss of multiple apertures. 

For the case of two apertures in the cavity, then the amount of excess loss will 
depend upon the spacing of the apertures. We are still considering apertures 
placed symmetrically about the center. (See Figure 4-21) If the apertures are 
spaced by a cavity length or they are right next to each other, then they will 
effectively act like one thicker aperture, and consequently, scattering losses 
will be increased. However, when the apertures are evenly spaced (in the 
unfolded cavity), then the mode diffracts over only half a cavity length before 
being partially refocused by the aperture. One may treat two apertures in a 
cavity as two separate cavities of length Ls and Lc-Ls with each cavity having 
an effective phase shift of <^eff= <fo-Ls I Lc and </>2eff~ h(Lc~Ls)/ Lc- (0T 
is the total effective phase shift of both apertures.) The analysis ignores the 
variation of the aperture thickness, but accounts for the variation in the 
spacing. To first order, we can add the losses from the two cavities, and then 
the total loss is given by 

1.19 

a, =2.28^3-6X1)1- 
0.206 

<t>TF _ \_Lc\ 

2.49 

1-k 
Lr 

-12.49 "\ 

(4-33) 
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aperture to the cavity (and thereby doubling the total effective phase shift) 
generally gives higher losses unless the separation between apertures is close to 
half a cavity length. 
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Figure 4-22: Estimate of the relative scattering loss for single vs. 
double aperture designs which depend on the relative spacing 
of the apertures 

Strong Reflections off the aperture 

Using the distributed index difference to calculate the phase shift per pass 
allows us to account fairly accurately for the essential effects of reflections off 
of the aperture. (As Jeff Scott shows in his thesis[31], the enhancement factor 
for a layer can be deduced from the left and rightward waves reflecting off a 
layer.) Even strong reflections will have similar effects and this approach will 
account (to some degree) for them. The main effect missed by only changing 
the phase is that the reflections from the aperture will lower the mirror 
transmission in the apertured regions. Essentially this is a form of gain (or 
loss) guiding, which is typically dominated by the index guiding.   However, 
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Comment on Evanescent Rays 

X compose the mode around the aperture (particularly to 
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match abrupt changes in index). However, it would not be physical to let these 
"propagate" around like rays in the unfolded cavity because they do not carry 
any power. If we were to by multiply these high Fourier components by 
expC-ifc/) when kz is pure imaginary, then we would appear to diminish the 
power in the mode which is not what happens. 

To handle these waves properly, we would need to consider reflections from 
the aperture. In the simplest of cases, when a plane wave hits a single interface 
above the critical angle, all the power in the plane wave gets reflected back, but 
transmitted "wave" is evanescent. Similarly, if a wave-packet containing only 
propagating waves hits the aperture and the transmitted wave packet contains 
evanescent waves, then to conserve power some propagating waves must be 
reflected. Thus, if we ignore reflections from the aperture, we must also limit 
the spatial bandwidth of the wavefunction. 

Summary and Conclusions: 

In this chapter, we have described the guiding in index apertured vertical cavity 
lasers. As far as the mode shape and the wavelength spacing, the guiding can 
very well be approximated as a uniform waveguide except at sizes around lum 
diameter (for X=l^m VCSELs).  However, if we think in terms of the modes 
of a uniform waveguide, then the fundamental mode of the actual apertured 
VCSEL will be some superposition of the lowest order uniform waveguide 
mode and higher order and radiation modes.   A small coupling to radiation 
modes may mean little for the mode shape or wavelength, but it means much 
for the gain because the VCSEL needs such a high Q cavity. The calculations 
in this chapter showed that some of the first oxide VCSEL designs with 80nm 
thick apertures had significant scattering loss below diameters of 4um. From 
the picture of an unfolded cavity, we can see the scattering loss can be reduced 
by making the aperture more lens-like which would mean tapering the 
thickness. And we would also expect that if we could construct the equivalent 
waveguide, but with more frequent apertures the guiding would also be 
improved.    These changes would mean shortening the cavity length and 
reducing the effective optical strength of the aperture.    The calculations 
presented in this chapter verify these intuitions and furthermore allow us to 
state more strongly that simply by shortening the cavity length (despite 
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stronger effective guiding), the loss will be reduced. Reducing the optical 
strength of the aperture is equally effective at lowering scattering losses and 
easier in practice than shortening the cavity. The analysis presented allows one 
to estimate the scattering losses for single, abrupt apertures using a simple 
formula depending only on the Fresnel number and the effective phase shift of 
the aperture. As we described, this effective phase shift can be found from the 
aperture overlap with the standing-wave or, as done by Hadley[8], from the 
change in cavity resonance. This effective phase shift is highly dependent on 
the position of the aperture in the longitudinal standing wave. 

These estimates of the scattering loss helped explain the drop in slope 
efficiency of small devices and led researchers here, like Thibeault[15], and 
Margalit[33], and elsewhere[3, 4, 34] to start using thinner or optically weaker 
apertures. An iterative model for the mode and scattering losses using the 
actual VCSEL mirrors showed the simpler single-pass coupling loss estimate is 
fairly accurate except for mode sizes around lum diameter which are so small 
that the finite angular stop band of a GaAs/ALAs DBR cannot support their 
wide k-vector spectrum. (To quantify this limit we introduced the ray 
penetration depth of a DBR). 

Higher index contrast mirrors are one way to beat the limit on mode size or 
alternatively one may use multiple thin apertures. The reduction of scattering 
losses from additional apertures depends how well separated they are. If two 
apertures are too .close, then they will have higher losses than a single, thinner 
aperture. We made a simple estimate for the loss by modifying the earlier 
estimate for single apertures. Given diffusion of carriers it may not be 
advantageous to confine modes smaller than lum unless you really want a 
microcavity. (In fact, the threshold can even be lower when a slightly larger 
mode is pumped in the center.) 

In the remainder of the thesis, we will examine experimentally the use of 
tapered apertures for reduction of the scattering losses. (In addition, we will 
examine other issues such as aperture placement for current confinement and 
the improvements in wall-plug efficiency at lower optical powers.) As we 
calculated, tapered apertures (provided the index gradient is low enough) 
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should have much lower excess losses than abrupt apertures of the same 
thickness. As far as scattering losses for the fundamental mode, very thin 
apertures placed at a null have comparable losses. However, if one wants to 
guide higher order modes with low losses in order to make smaller multimode 
VCSELs for use with multimode fiber, then thick, tapered apertures have an 
advantage optically over thin apertures. As we will later describe tapered 
apertures also have an advantage for lower capacitance. 
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Chapter 5: 
Current Spreading 

Introduction 

As discussed in Chapter 2, scaling of the threshold current density in apertured 
vertical cavity lasers is limited by scattering losses, current spreading, and 
carrier diffusion.- Here we discuss current spreading in more detail and derive 
the scaling relations previously used. 

The simple analytic estimate we derive here for the increase in threshold has 
allowed several researchers here (Margalit[l], Thibeault[2], Akulova[3]) to 
make sense of the scaling of threshold current and to exclude other effects such 
as diffusion or lowering of the injection efficiency to explain their results. 

Not only does the analysis yield a simple formula for the excess current at 
threshold, but just as importantly it shows that current spreading should only 
negligibly reduce the differential efficiency as implied by experiment. 



142 Chapter 5: Current Spreading 

l^L^rof Tspreading can ■* applied to douW* ■■>«■« ac.ve regions almost a, eastly as single apertured ones.   This allows us .„ 
es«,ma«e the men. of curren« confinement on both sides of the active region 

We tote^tal application of the analysis to make sense of the excess 
threshold ,n «he dun, abrupt apetture devices of Thibeau.« And in the „ 
chapter, we wd, ajso analyze the tapered aperfured devices featuredi„ Z 

To prevent the current from spreading one simply could leave the region below 
«he ap rbare undoped. However, i, is desirable to dope next to the aperture for 
several reasons One may wish to keep the intrinsic region short t0 

P
y" 

transport „mes hmiting me lasers speed.[5] Or as we found, i, is necessary to 
ensure «he grade dowm from the high aluminum content region wT, e 
aperture ,s doped «o avoid high turn-on voltages. Thirdly, an oxide placed „ 
an mtnnstc reg,on near the active layers can result in severe non-radiative 

if Ze'sT,r       0XMe Xmk°"d™< **** « perhaps shorter tee 
hfettmes   For these reasons, ,t is useful for the VCL designer to have a simple 
est,ma,e for «he effects of current spreading in order to efaluate the radeTff 
in performance. 

We consider a simplified version of the current spreading problem in which «he 
gton below the crcular aperbare is modeled as resistive sheet on «op of 

dtode.   This approach was firs« used for in-plane lasers to determine the 
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Figure 5-Ia. shows a schematic of a portion of the VCL structure.   Current 

(n/Q)- p/, and through a layer with a diode J-V characteristic, (p is ,£ 
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to reach threshold may be estimated by assuming a uniform voltage across the 
aperture opening and then determining the current which flows beyond the 
aperture edge given the voltage, Vjtf, at r=R. 
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Figure 5-1: Schematics of the electrical structure around the active 
region in an apertured VCL with (a) a single resistive layer, 
(b) multiple layers, (c) double apertures 

As the current moves radially outward through a small annulus (of width, dr), 
it encounters a voltage drop due to the resistive layer. 

P& "-* (5-1) dV = — 
LV 

I(r) 

And the lateral current decreases due to current being sunk vertically by the 

diode. 
dI = -{2xr)drJD(V(r)) (5-2) 

where JD(v) = J0(cxip[qV/{rjkT)]-i) is the J-V characteristic of the diode 

layer. 
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Here we „ote fta, this fonnulation of te problem CM 

mod.fy,ng A. For two (or multiple) resistive layers of resist, and A ^ 
duclcness , and , as shown i„ Figure 5-,b, .hen we use the piai.e! shTe 
resistance of these layers, 

A     A     /?2 
(5"3) 

Double Apertures 

In the case of two apertures (as shown in Figure 5-lc), we need to consider the 

CrI ZTn^"" UPPer fC UPPCT resi5,ive ,ayCT - *e "»» ™* layer m Eq (5-1).  So.we sunply have to use a sheet resistance which is the 
series cotnbmatton of the resistance of the upper and lower layers 

„    _ A/       Pi 
P' = t + ~ (5-4) 

uW
D
hnerre

anH?d " T ^ "****" "* '" "* « « ^ thickn6SSes of the upper and lower layers, respectively.  Since the hole mobility is about twenty 
nmes less than the electron mobility in AlGaAs, we conclude that for simit 
doping levels and thicknesses, adding an aperture on the n-side provide" " 
than a five percent increase in ps and, as we will see below, less than a five 
percent reduction in the lateral leakage current. 

Excess Current at Threshold 

drculariloi o' ^^ *" "^ ** SevenI ^°metries ***** 
ZTil'f    V b0Und',y C°nditi0nS m apPHed *« /=0 asr ^ oo, and 
tnat V{R) = rw, one can determine the total lateral current, Imrr. at r=tf. 

lour = 2*Jm (RL3+L
2

S)=/0I2 + {I^ 
(5-5) 

where we define a characteristic spreading length and characteristic spreading 
current as v s 
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Rather than writing the current in terms of Vwt we have expressed it in terms of 
/ v = nR2J,N = xR2JD(VlN) which is current injected within the aperture r<R 
if the resistive drop in the center is neglected. The total current injected into 
the device is the sum of the current flowing within the aperture (r<R) and the 
spreading current: ImTAL = I!N + I0UT. 

We have intentionally written the solution in two forms to reveal the scaling of 
the spreading current vs. device radius, R and vs. the current injected into the 
center of the device. When R=2LS, over half the total current is lost due to 
spreading, or alternatively, when I^IQ, over half (3/5) of the total current is 
lost due to spreading. 

The above solution Eq. (5-5) was found with the approximation that the -1 is 
dropped from the diode characteristic. Although that approximation will 
incorrectly predict the current and voltage distribution at radii much larger than 
the device radius (where the currents are small)[10], a numerical solution of the 
original equations shows the error on the total lateral current is negligible when 
the diode at r<R is biased above turn-on (as is the case at threshold). 

Effect on Differential Efficiency 

With an estimate for the current injected in the center of the device at threshold 
one obtains the excess contribution to threshold current from spreading simply 
from Eq. (5-5). To find the change in the differential efficiency due to 
spreading, we must examine the additional current one must inject for r>R 
relative to the additional current injects within the aperture. Thus we have, 

_        Tlipd'lN.p rho  (5-7) 
11 ~ <H,N.p + dIouT      l + (dIom I dIlN.p ) 

where 7/0 is the differential efficiency in the absence of spreading. Inside the 
aperture, the diodes are clamped so we cannot neglect the voltage drop due to 
the resistive layer above them, which yields 

dV       pt 
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(In this section, we are assuming the geometry of Figure ! i,,   r, , •;    ,. 
aperture (where the diodes are no, clamped)weneedT - 
current found from differentiating Eq. (5Clre wet^ ^ "^ 

<#OtT it 
dv      V»   dV     1//... 2F. ""^T" (5-9) 

Then the internal quantum efficiency above threshold ;s given by 

(5-10) 

where we can rewrite 
(5-11) 

*,-^/*J£«dD,<R, (5.,2) 

some nunte Jca] £ r,°„LÄ C^UC^OoA 

Usmg *e same numbers, we And the diameter, 2LS (, + VJ), a. which half me 
threshed current „ los, due ,„ spreading is 3.5 m.   Comparing «his to 

threshold spreads very little in1? u "
0niÜ CUmmt injec,ed ab°« 

threshold.   EsscnuX tt red7' "* ^^ ** '« "■" 10 reach 

cT spre^fr^rhi-rr zx^d ™: 
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Figure 5-2: Scaling of injection efficiency below and above threshold 
using some typical parameters which yield the characteristic 
diameters indicated. Note the injection efficiency above 
threshold barely changes. 

Example of comparison with experimental 
results 

To see if the above estimate for the increase in threshold is reasonable, we 
examine the dependence of threshold current vs. device radius for a VCL 
(described in [11]) with a thin (300Ä) oxide aperture for lower scattering losses 
than typical 80nm thick apertures. As we will discuss the scattering losses are 
low enough that their contribution to an increased threshold current may be 
neglected relative to current spreading; thus the estimate for the total current 
only relies on two parameters: the broad area threshold current density and the 
characteristic spreading current, I0. 

To estimate the broad area threshold current density, we use the output mirror 
transmission of 0.7%, and n.rO-8 (from in-plane laser measurements) to 
determine the round-trip broad area losses from the measured external 
differential efficiency ^„=0.53, L+T = T (r\{ I r\nd= 1% round-trip.  Using a 
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gain-enhancement factor of 1.8 and an active layer thickness of 240Ä  we 
obtain a material gain g= 1160 cm"' per quantum well   THP . u       <■ 
Scott Code's gain model g=l200 cm- ^5^3?^-^ 
A/cm2. So J^=y^=3Jw/ ^«490 A/cm2. AI-3 J, gives Jw-131 

1.4 

F 12 L |    a   Threshold Current (mAl 

'-   Predicted I =345uA 

4 6 

Diameter (urn) 

Figure 5-3: Comparison of threshold current data from the apertured 
VCL in Ref [11] to the threshold current expected with 
spreading 

llZTTteä?™1™10 SPreading CUrrent' We need t0 COnsid- «vend features of the device not previously described.  Between the undoped region 
of the cavity and the aperture, there is a 72nm thick Al   G*. Ac if   A     , 
1 s in18 ^m-3     c       .... AiojUa^As layer doped 
2-5 10   cm , a 6nm thick Al„Ga„As layer doped 1.2 10" cm1 and a IfL 

"T.«»** « 25nm *» *WM*. layer estimated t„ bTdo^ a      ™ 
al 817.  , *"* SOt"mty Iirai, °f Be d°Pin8 of AlAs grow* afeoOTf 4, 
A thou«* .he .ayers were intended to be doped half those vL, as deTrifcd in 

I R , Pmg CaHbrati0n n°' '°n8 ,te *e VCL ««»* -caled to the 
acftial Be dopan, concentration in the suture was double the intend«Tv2 
The higher dopmg „ *. in ^„^ ^ *££ 

emaency) are ~0.36./0 ^ „^.„p ^^ ^ ^^ ^ ^^    ^ 
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aperture extends approximately 10 um from the mesa edge. The hole mobility 
is effected both by the hole concentration and (to a lesser degree) by the Al 
mole fraction of the AlGaAs. From the mobilities in [15] along with the 
doping and thicknesses given above, the parallel combination of the sheet 
resistance of these layers is 4.6kfi/G. Using i]kT/q=0.052 volts, we find 
70=345uA. Admittedly, we cannot expect to know the actual doping 
concentration, mobilities, or diode ideality factor to great accuracy. However, 
all these contribute only to the characteristic spreading current /„. So in Figure 
5-3, we show the curves for the total threshold current based on 
/0=345uA±10%. 

The match with experimental results is especially good given the simplicity of 
the model and that fact that we did not use any fitting parameters. The model 
matches the data even at the smallest sizes. Here we might expect some 
scattering loss to start increasing threshold. In fact, the losses decrease r|ext to 
0.43 for the smallest, 2.3 urn diameter, device. However, this only implies an 
increase in threshold of 1.4 uA. So neglecting the contribution from scattering 

losses was valid. 

Spreading and Carrier Diffusion 

In the previous analysis, we did not include any contribution to the threshold 
current from diffusion. However, when the current spreading is significant, the 
injected carrier profile is relatively flat at the edge of the active region (at the 
device radius, R). Consequently, the diffusion currents are small and 
contribute little to the increase in threshold. 

In the opposite extreme, one may have very low doping beneath the aperture, 
in which case the boundary between the resistive layer and the diode is not 
distinct, and there may be significant diffusion in the intrinsic region of the 
diode. However, we should note that for the case that current is uniformly 
injected in the center of the device, (in the absence of size-dependent optical 
loss) the excess diffusion current also varies linearly with radius[16] which is 
the same size dependence as the excess current from spreading. So when 
neither effect is dominate, it may be hard to distinguish them simply by 
examining the variation of threshold current with device radius. Alternatively, 
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one can account for both current soreadina ,„^ 

Conclusion 

When scattering losses are low   cum-nt ™    A- 

contribution ,o u,e Utteshoid c™t n^en^T? T * " imp0nan< 
simple estimate has made sense of 11 f,       ^ CaVi,y laser5' ™d 'his 
anaJysis shows «hat J^Ä^ h™ - *«*«. The 
carrier diffitsion, but also J, olmT T J"8 "" te mUch «"«« ">an 
efficiency above threshoU ^'"S *" "* ef&«« ^ ejection 

case of two apertures Zn74 act " ^t^" a"°WS °ne » ««** «* 
because of the much ^er elecln m KT to I"**«■ «• «ä»* U* 

currentwillbesmalHomyabnu,t!essT    ^        """* *° '^ eXC«S 
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Chapter 6: 
Device Results 

Introduction: 

A major goal of improved scaling of device characteristics is improved wall- 
plug efficiency at lower output powers which is important for applications with 
arrays of VCSELs (like free-space interconnects or highly parallel laser 
printing). But, as discussed in Chapter 1, there are other important 
characteristics for free-space applications such as single-modedness, an 
operating voltage compatible with CMOS or BiCMOS drivers, and low 
threshold. When using integrated microlenses small modes are also desirable 
given the substrate thickness[l]. In addition, one would like designs easy to 
package which generally means they should be compatible with flip-chip 

bonding. 
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how mUch „f a di^irc'S i TJ;z T: *** r*^ 
zr, m describe what i. de - -- - t'l—r: 
Key Performance Achievements: 

Figure 6-1 shows a schematic of the best performing device in this work   h ;„ 

L"SJT VCSHjr a ^ ,n0aAS ~ we^Z reg ; 

active reg!„n (about 50nm away) he|ps ,o ^ ^ ^ PJ» '-he 

Tapered 
Oxide 
Aperture InGaAs 

quantum 
wells 

n-contact 

Figure 6-I: Schematic of the «l' Null" VCESL with a tapered aperture 
positioned at the l" standing-wave null 

To position the aperture a. the first null the aluminum composition is increased 
but this lowerc the index and creates a reflection out of pLe ^ "r 

rjs *;fough "* fia,es no^ma, DBR
 **■■ ^ «c^ can be added to compensate for the reduction in reflectivity. 

This VCSEL is designed to be bottom-emitting because such structure ,„ 
compatible with flip-chip ^ t0 connec, ^ ™j££g£ ™ 
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performance we will describe could just as well be achieved using a top- 
emitting structure).   Although the fabricated device does not have a planar 
structure, (which would be even more convenient for packaging), the layer 
structure is compatible with that type of processing as being developed here by 
Ola Sjolund and Duane Louderback (i.e. processing whereby via holes can be 
etched and the n-contact is brought up to the same level as the p-contact.) For 
improved optical efficiency of this bottom-emitting structure, a semi-insulating 
(SI) substrate is used. Naturally, this requires an n-intracavity contact which is 
fairly thick (5X/4) so that when etching down to it (using reactive ion etching), 
the layer is exposed over the entire sample surface despite non-uniformity in 
the etch depth.  Because of its thickness, the layer is positioned a few periods 
back from the active region in order to both reduce optical absorption losses 
and the cavity length.    In addition, we used some of the doping design 
philosophy discussed in Chapter 3, so that the absorptive loss could be lowered 
without severely impacting the device resistance. We will discuss more details 
later about the layer structure, but for now let us simply show the final 
achievements. 
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Figure 6-2: Output Power vs. current for the smallest of the "1st Null- 
tapered aperture VCSELs (*- diameter of the oxide opening) 

Figure 6-2 shows the light vs. current characteristics of the smallest of the -l« 
Nu,, devices. The unusual combination of low threshold and good slope 
effiaency „ due to the improved scaling of the broad-area d vie 
characters« as we will soon discuss more thoroughly. The devices have 
record high slope and wall-plug efficiency for diamete^um 

If one has properly designed the vertical layer structure so there is a reasonable 
turn-on voltage grven the amount of optical loss, then the improved scaling of 
he threshold and the slope efficiency should lead to improved wall-plug 

effiency at lower powers as described more thoroughly in Chapter 2 In 
F gure 6-3 we plot the wall-p,ug efficiency vs. output power for L devic s 
shown m Flgure 6-2 (with the inclusion of a slightly larger device).  The key 
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feature is that the wall-plug efficiency for the 2-3um and 3-4um devices' 
already reaches 20% at an output power of only !50uW. 

3-4um(l =200uA) 

3um(l =151 uA) 

(1^=145^) 

Light(mW) 

Figure 6-3: Wall-Plug efficiency vs. output power for several "1st Null" 
VCSELs (2nd processing run) 

At this time, only one other VCSEL result has been published showing that 
high an efficiency at that low an output power[2]. However, that result was 
only achieved in one device[3]. In addition, the device was a much larger 7um 
x 7nm - a size where single-mode operation generally does not occur. In any 
case, the key result of this thesis, is the improved scaling of broad-area device 
characteristics which lead to the improvements at smaller sizes and lower 
power. And we expect even further improvements when carbon doping (which 
should stay where we put it) rather than Be doping is used in conjunction with 
these designs. The wall-plug efficiency does drop for the l-2u,m size device 
shown in Figure 6-3. Although this size of device had the lowest threshold it 
also happened to be in a region of the sample which had photoresist interfering 
with the top contact and even larger devices in the same region had absurdly 
high turn-on voltages. However, an earlier processing run showed higher (in 
fact, record) 20% efficiency for this size device as shown in Figure 6-4. The 

1 Boundaries on the device size (the diameter of the opening in the oxide) are determined 
by using an array of pillars with lithographically defined diameters which increase in 
steps of I urn and observing which pillars do not pass current because they are closed-off 
by the lateral oxidation 
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threshold is somewhat higher for these devices than for those in the later 
processing run (in Figure 6-3). Most likely this is a combination of being 
slightly larger and in a different part of the wafer where the offset between the 
gain peak and lasing mode may be greater. 

4-5nm (I^OOuA) 

2-3^m (I   =186fxA) 
TM 

J 
150nW 1"2^m (ITH=180HA) 

0.01 0.1 1 
j 
10 Light(mW) 

Figure 6-4: Wall-plug efficiency vs. output power for an earlier 
processing run of the "1st Null" devices. The efficiency is 
somewhat higher for a given size most likely because the 
devices are slightly bigger and have lower resistance than 
those in Figure 6-3. 

Note, to compare the threshold from the earlier run (measured using an ILX 
current source) with the thresholds taken from the later processing run (which 
were measured on a more accurate HP4155 test setup) we subtracted a 
measured offset of 45uA - though to be conservative this offset was not used 
when we computed the wall-plug efficiencies in Figure 6-4. In our subsequent 
sections, we will be using efficiency and threshold data from the devices in the 
second processing run (those shown in Figure 6-2 and Figure 6-3)- though this 
will not change our conclusions. 

In Figure 6-4, we see that the wall-plug efficiency again reaches 20% at only 
150uW for the 2-3um size device, and the highest efficiency breaks 30% 
around 0.9mW (not a world record, but a UCSB first for room temperature CW 
VCSELs). 
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For free-space interconnect applications, we need VCSELs which 
simultaneously satisfy several requirements. Consider the 2-3 (im size device 
with the good efficiency at lower power. It has a peak output power over 2mW 
and as shown in Figure 6-5, is also single mode with a side mode suppression 
over 40dB at lower power and still stays single-mode up to around 1.5mW. 
(Larger devices were multimode and smaller devices did not achieve as high an 
output power.) 

-30.00 

"900°957     958     959     960     961      962     963 
wavelength (nm) 

Figure 6-5: Optical spectrum from the 2-3um, "1st Null" VCSEL 
showing single mode operation at output powers below 
1.5mW 

The other important requirement for a VCSEL in a short-distance interconnect 
application is the drive voltage which one would like to have low enough for 
CMOS driver circuitry (i.e. <2.5 volts for 3.3V CMOS.) Figure 6-6 indicates 
the drive voltage for a given output power from the 2-3 um device shown in 
Figure 6-2. For low output powers, the device meets this requirement, but one 
always desires lower voltages. And as we will discuss more thoroughly in the 
section on the scaling of the device resistance, we believe this voltage can be 
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lower (even while maintaining the efficiency and threshold) despite the 
increased resistance at smaller aperture diameters. 

1.00  r- 

1.5 2 2.5 
Voltage (V) 

Figure 6-6: Output Power vs. Voltage for the 2-3um «1- Null" Device 
At the lower powers (<200uW) the voltage is low enough for 
3.3V drivers.   Desp.te the increasing resistance at small size 
we still expect the voltage can be improved without addition^ 

Polarization 

elemenT ZTWTT^T* ^ *""*»* ***»*» se^ive element   the BER will be affected by any noise created by switching 
polanzation states^].   THere are two ways to avoid this penalty- d"sgn! 
system without polarization selective components or stabL t VCSEL 
polarization. By design, tapered apertures reduce the scattering loss for SIthe 
mod s a«,     a circularJy symmetric ^^ ^ ^        J all h 

W ^eTn r,  ^eaSUremem °f *" t*1™™ Sh0ws ^ con'ol 
wiro^l^        6 "' a P°lariZer ^ fr°nt °f Ae Pho^ector was rotated until the maximum output power was found and the extinction 
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ratio relative to the perpendicular orientation was measured. Figure 6-7 shows 
the results. An angle of zero or 90° means the laser is polarized along the 

<0l l> or < 011 > direction. 
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Figure 6-7: Extinction ratio vs. current for three different 2-3um 1st 

Null VCSELs. The direction of polarization varies from 
device to device and in one case has low extinction (even at 
the angle for maximum extinction) 

Various methods have been tried to control the polarization of VCSELs 
including anisotropic gain[5], asymmetric cavities[6, 7] and the use of a 
surface grating[8, 9]. Although these methods were shown effective in CW 
measurements they are less effective stabilizing the polarization under 
modulation 10], For bottom-emitting VCSELs, probably an aggressive 
anisotropic change of the top mirror reflectivity is necessary for polarization 

stability under modulation. 
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Improvement to Scaling of Device 
Characteristics 

Having summarized the key device results we achieved, let us now analyze 
these norther and compare the scaling of characteristics to other devices and 
designs in order to quantify the impact of improvements in device design   In 
the following sections we will compare the results from the "Ist Null" VCSELs 

we have just discussed to two other structures with different tapered aperture 
designs. A schematic of the central portion of these device structures is shown 
in F.gure 6-8.   All the structures are bottom-emitting VCSELs with 18 5 
bottom GaAs/AlGaAs mirror periods.    They all have the same calculated 
mirror transmission (0.7%) and the same number (three) and composition 

• (tao,.GaOJ2As) for the quantum wells.   The aperture is centered at different 
points in the standing wave: the first null from the active region, the first peak 
and the second null.   The distance between the aperture tip and the active 
region varies from ~230nm in the "2nd Null" device to ~50nm for the "1st null" 
device.   The tapers are created by oxidation of a thin AlAs layer adjacent to 
AlcGao,As as discussed in Chapter 7. For the Is' and 2nd Null devices the thin 
layer of AlAs is lOnm thick and for the 1- peak device the layer is 8.5nm thick 
The 1   Peak and 2°d Null devices are not intracavity contacted and this impacts 
the broad-area slope efficiency because of some substrate absorption (but our 
comparison of scattering losses will not be effected).  The Is« Peak device is 
carbon doped in the top mirror using a graphite filament in the MBE chamber 
(However, as wediscuss in Appendix A, excess doping and possible roughness 
m the top mirror periods caused by the doping and growth conditions lowered 
the slope efficiency - so the ideal performance was not achieved)   The top 
mirror m the 2nd null devices was Be doped and aside from the aperture layer it 
used Alo^As/GaAs top mirror as opposed to the other devices which used 
Alo^Gao.As/GaAs top mirrors. (Unlike the 1* null devices, the mirror in the 2nd 

null devices was grown entirely at 600°C so the Be doping profile was far from 
ideal) Silicon doping was used in the bottom mirrors of all structures   Table 6- 
1 lists some the different measured parameters. In the subsequent analysis we 
will attempt to account for changes in the broad-area device parameters so'that 
the scaling is the salient feature. 
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(a) (b) (c) 
Figure 6-8: Schematic of the central portion of three VCSEL structures 

discussed in this work in which the aperture is positioned at 
(a) the 2nd null from the active region (b) the 1st peak and (c) 
the la null. The black areas indicate the oxide aperture, the 
lightest regions represent GaAs, the gray regions indicate 
AlGaAs except for the three stripes across the center which 
denote the three InGaAs quantum well active region. The 
oscillating line represents the standing-wave pattern. (Grading 
of the interfaces is not shown.) 
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Although some dtfferences in doping change tine background loss and 
reststance. tine pnncple differences between tine structures which affect 
cahng of characters (aside from resist which we are no, comparing) i 

ituiir s,sn-we wiu ** see how the ~ « 
Aperture Position        2nu Null 
# Quantum Wells 

r* Peak 

Output Transmission 
Broad-Area Loss 

r' Nuii 

0.7% 

j JTH (broad-area) 
,' Est. doping between 
j aperture and active 
I Dist. between 
j aperture and active 

0.12%/pass 
8lOA/cm2 

0.7% 

0.37%/pass 
0.7% 

5el7cm-3 

2l0nm 

870A/cm2 

lel8cm° 

I30nm 

0.10%/pass 
600A/cm2 

6el7cm" 

50nm 

Table 6-1: Parameters for the VCSELs under investigation 

Optical Confinement 

As described extensively in Chapter 4, the main reason for using tapered 
apertures is the, lower scattering loss. But we must design the taper colTy 
For tapered apeTtUKSf Ae ^ of ^ ^^ £ 

only on the posmon of the aperture in the standing-wave, but also on the 
gradient of the taper thickness which combine to give the gradient of h 
efWely mdex step. From scanning election microscope measurements of 
he tapers one can determine the taper length though the exact taper profile is 

harder to determine. Nevertheless, we can estimate the index gradient if we 
assume the taper thickness varies linearly and a plot of the effective index step 

t^Z^^?* aCC0Unt *" P°Siti0n " Ae *™**-™e is given 
in Figure 6-9.   The index step is calculated based upon the overlap of the 
dielectric perturbation with the standing-wave as discussed in Chapter 4   This 
calculation agrees with the index-step calculated based upon the change'in the 
resonant wave.ength except in the thickest regions where the perturbation of 
the oxide moves a second cavity resonance within the mirror stop-band   One 
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can see the taper positioned at the standing-wave peak has a much higher index 
gradient and this results in increased scattering losses. 

0.200 1 | ' ' ' ' | ' ' ' i j ' ' ' ' j i i i i I i i i i I 

 "2nd Null" design 
■—"1st Peak" design 

"1st Null" design 

c 
< 

•0.050 
1 1.5        2 2.5 

distance along taper (urn) 

Figure 6-9: Effective index step vs. position for the three different taper 
aperture designs calculated assuming the thickness varies 
linearly with position 

These losses are plotted in Figure 6-10. This excess optical loss is calculated 
by using the slope efficiency to extract the total optical loss and then 
subtracting the loss found in large (~20um diameter) devices- a method used 
by Thibeault[4, 5]. Calculating the total optical loss, If (per pass) 

LT=T, Ts1i 

Hext 

\ 
1 (6-1) 

relies upon calculating the output mirror transmission, T, estimating the 
injection efficiency, r^, and the substrate transmission, Ts, which was lower for 
the highly-doped n-substrate under the "first peak" VCSELs. The substrate 
transmission can be directly measured by comparing the reflectivity in the stop 
band of the top DBR (effectively unity) with reflectivity from the bottom of the 
sample as described in Chapter 3. 
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Figure 6-10: Summary of the excess optical "scattering" loss extracted 
from the change in the slope efficiency with size for three 
tapered aperture devices and two other VCSELs with abrupt 
apertures taken from [11,12] which we analyzed in Chapter 4. 

The injection efficiency is estimated to be 80% for the Be doped devices and 
90% for the "first-peak" carbon doped device. (The injection efficiency is 
consistently measured higher for carbon doped in-plane lasers than for Be 
doped in-plane lasers with the same structure presumably due to diffusing of 
the Be around the active region. This diffusion would increase the voltage 
necessary for inversion and the resulting excess field could lower the 
conduction band barrier which normally keeps electrons from entering the p- 
side.) One also would like to correct for any injection efficiency changes with 
size. Unfortunately, this is difficult to do. But the theoretical estimate of the 
size dependence of the injection efficiency due to current leakage given in 
Chapter 5 indicates an assumption of a constant injection efficiency is adequate 
and the measurements of the clamping efficiency we later describe suggests 
this is correct.   In addition, the excellent scaling of the slope efficiency of 
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tapered aperrured devices sets an upper bound on the drop of less than 10% at 
2um. Despite this slight inaccuracy, our conclusions about the relative 
amounts of optical scattering from various aperture designs should be similar. 

-8 ■2        0        2 
distance (^m) 

8 

Figure 6-11:   Near-field intensity vs. position for a mode from a "1st 

Null" VCSEL with a 2um diameter opening 

The size given for the abrupt aperture devices from [6, 18] in Figure 6-10 is 
calculated based upon the lateral mode separation and, as described, the size 
for the aperture opening for the tapered aperture devices is determined by the 
closing of the aperture for pillars below a particular diameter. We used the 
convention that a label of radius r0 means the actual radius of the opening is 
between r0-0.5um and r0. So the aperture size for the tapered apertures, maybe 
smaller than indicated. However, we should keep in mind, that because of the 
weaker guiding of both thinner apertures and tapered apertures, the mode is 
expected to be larger than the mode of an abrupt thick aperture of the same 
opening. Figure 6-11 shows a line-scan of the near field intensity in a "Is4 Null" 
device with a l-2um opening that shows about a 1/e2 diameter of 3um. The 
system resolution was not taken into account and even though a high 0.75 NA 
lens was used, sharp features like the boundary of an etched mesa had a 
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The devices tapered from the la peak show lower measured losses than the 
abrupt apertures of similar thickness (see Figure 6-10) and this trend is in 
agreement with the theoretical curves shown though the scattering loss is 
higher than predicted. 

1st Peak(theory) 
v/no taper 

▲ 1st Peak data 
■ 2nd Null Data 
•   1st Null data 

1st Peak (theory) 
linear taper over 0.4im 
2nd Null (theory) 
parabolic taper over 2.$im 

1st Null (theory) parabolic taper over 0.?m 
.   ...  i  ...  . i i_i . i i i—i_i—i—i—i—1_ 

12 3 4 

aperture radius (urn) 

Figure 6-12:   Measured and theoretical curves for the excess loss of 
various tapered apertures 

Tapered vs. Thin apertures 

One may also ask if tapered apertures are preferable to thin apertures when 
both are placed a standing-wave null. From the point of view of optical 
scattering losses for the lowest order mode there is little difference. However, 
there are situations where tapering is desirable. If one wishes to promote 
multimode operation in smaller VCSELs use of a thick, tapered aperture is 
preferable to a thin aperture which will not guide higher order modes. The 
tapered aperture lowers loss not only for the fundamental, but also for higher 
order modes. In fact, the losses were low enough in the 2nd Null device that it 
was still multimode at a 2|im diameter opening. Such a design is desired when 
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making lower threshold, but very multimode "medium sized" (-5-1 Oum 
diameter) VCSELs for coupling to multimode fiber. Further, tapering to 
greater thickness fairly far (>3um) from the optical mode is desirable to reduce 
the parasitic capacitance through the oxide. Finally, tapering may occur as a 
result of other design conditions: It is typically necessary to drive current 
through the layers within the aperture. Apertures at the first null are within the 
cavity which is typically of high index, low aluminum content. However, if 
there is a large discontinuity in the aluminum composition, then one can incur 
a high drive voltage. This can be avoided with longer grading or surrounding 
the aperture by higher aluminum content which will frequently create a tapered 
aperture. And so one must be mindful of the index gradient to avoid higher 
loss. 
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Current Confinement 

With size-dependent optical losses nearly extinct, the next major challenge for 
improving the scaling of characteristics is to reduce the lateral current and 
carrier 
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Figure 6-13: Threshold current vs. aperture radius for the three different 
taper designs. The dashed lines show the scaling based only 
on the broad area current density 

leakage. We saw in Chapter 5 that current spreading can be a significant 
contribution to the threshold at small sizes even after scattering losses are 
removed. In Figure 6-13, we plot the threshold current vs. aperture radius for 
the three different structures. Although there is some difference in the broad 
area threshold current densities most of the reduction in the threshold can be 



172 Chapter 6: Device Results 

attributed to improved current confinement as the aperture is positioned closer 
to the active region. We see that even the close position of ~50nm is still 
beneficial. 

For clarity, we have also plotted the ratio of the threshold current density to the 
broad-area threshold current density in Figure 6-14. Although the Ist Peak 
dev,ces have higher scattering losses, the increase in the quantum well 
threshold current is small (except at the smallest size) given the size of the 
active region. Therefore, most of the change in threshold current density 
relative to the broad area threshold is due to current confinement only 
(Consider the main term in the threshold is \J2 - see below.) 
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Figure 6-14: Threshold current density relative to the broad-area 
threshold current density for the three aperture designs 
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To better understand the current spreading it is useful to compare with the 
model developed in Chapter 5 for the spreading when there is a purely resistive 
region between the aperture and an active region with a diode J-V 
characteristic. Recalling the model, Im (in the absence of excess loss) should 
scale as: 

Im = JBAKR
2
 + ^ + RjxJBJ0 (6-2) 

where I0 = SnfakT I q)—, for a layer of uniform resistivity, p, and thickness, t. 
P 

Figure 6-15 shows the threshold vs. size again where we have fit for the 
parameter /„, but used the broad-area threshold current density from 20-3Oum 
diameter devices. 
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lower mobility ~60cnr/(V sec) expected for the higher doping in AlGaAs). 
We also observe the fit not matching as well for the 1.5 and 2um radius 
devices and this is probably due to some scattering loss at these sizes that was 
shown in Figure 6-10. For the T Null device, the threshold scales the best but 
it is still much higher than expected at small sizes because we did not dope the 
region between the aperture and the active region.    (And lateral diffusion 
current using an estimate like that in Chapter 2 is still too low to explain the 
results.)  One possibility is that during growth of this region, which was at a 
substrate temperature of 600°C, Be moved beneath the aperture and is causing 
the higher than expected leakage. Secondary ion mass spectroscopy (SIM)s 
revealed that this is likely the case. Figure 6-16 shows the SIMs measurement 
made after the top mirror periods on the Is' Null sample were etched away. 
(The aluminum measurement was used as a marker to indicate location and its 
sputter efficiency depends upon the mole fraction; so it is not expected to 
match the designed mole fraction precisely.)    The Be clearly has moved 
between the aperture and active region. (It is unlikely we have simply aligned 
the design and measured curves incorrectly because the Be also has moved into 
the GaAs region in the first top mirror period.)    If we assume a hole 
concentration of 6 1017 cm"3 over this region, then we obtain /0~70uA which is 
a reasonable match given the typical error in concentration and mobility. 
Lastly, we should observe a mismatch of the model and the measured current 
at the smallest two sizes for the Is* Null devices.  At these sizes, the threshold 
model may not be accurate, but also the excess loss or possibly heating has 
raised the threshold current not only due to the increased gain required, but 
also because of the increased lateral leakage. 
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Figure 6-16: SIMs of the Be profile around the active region of the 1* 
Null sample (data taken by Charles Evans & Associates) 

The other-possibility to briefly consider is that the injected profile actually 
matches the aperture size in which case the injected current is smaller than the 



Chapter 6: Device Results 177 

mode for the 2um size device and the lateral confinement factor is 50-70% 
(depending upon the true aperture size). However, this effect would only 
imply a factor of 1.4-2.4 higher threshold current density (assuming a 
logarithmic gain model with three quantum wells) needed in the active region 
which is still well below the observed factor of ten. We should note some 
reduction in confinement factor is not detrimental and, in fact, can make for a 
lower threshold current than one would achieve for a unity confinement factor 
of a mode of the same size because the power density in the mode is not 

uniform. 

Scaling of electrical Resistance 

As described in Chapter 2, the device resistance in theory scales approximately 
inversely with aperture radius and there is little with the aperture design we can 
do to change this. The increasing resistance is not desirable for trying to match 
to transmission lines. But if one had short connections as would VCSELs flip- 
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Figure 6-17: Voltage current characteristics for the 1st Null devices 

bonded to circuitry, then the operating voltage rather than resistance is more of 
an issue. We showed the operating voltage vs. power previously for the 2-3um 
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Ist Null device. In Figure 6-17, we show the scaling of the voltage-current 
characteristics for these devices. Although the curves have a slight bend above 
turn-on, we can still extract the resistance vs. size which we show in Figure 6- 
18 along with the resistance vs. size for the carbon doped 1st peak devices. As 
expected resistance scales approximately with 1/(device radius). 

2500 
y = 2512.4 * xA(-0.70294) 
y = 843.5*xA(-1.1167) 

1st Null device 
Be doped 

- -• - -1 st Peak device 
C doped 

2 4 
diameter (pm) 

Figure 6-18: Scaling of resistance for the 1st peak and 1st null devices. 
Although the carbon doped 1st peak device has lower 
resistance optical loss was relatively high so the wall-plug 
efficiency was much lower than the 1st null devices. 
(Although we have labeled the designs by the aperture 
position, it has nothing to do with the scaling of the 
resistance.) 

Sub-100Q resistance was reached for the carbon doped devices. However the 
broad-area 1* peak devices had a slope efficiency ofT}^ =40% as opposed to 
the lower background loss Is Null devices with a broad area ^=63%. 
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Although slope efficiency was sacrificed for lower resistance in the carbon 
doped devices, it does not have to be. The Ist peak devices used the same 
doping profile in all of the top mirror periods. But the Ist null devices used 
lower average doping in the first few top mirror periods in order to have lower 
optical loss without adding significant voltage. (See Figure 6-19) These first 
few mirror periods were grown at a higher substrate temperature in order to 
reduce optical loss, and consequently the Be moved significantly in these 
layers as we showed in Figure 6-16. 
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Figure 6-19: Structure, Substrate growth temperatures, average doping 
levels and standing-wave fieldA2 for the central portion of the 
1* Null device 

If low carbon doping was used in these first periods, then one should be able to 
circumvent this problem. (I tried this, but the devices had high threshold due 
to a large offset between the gain peak and lasing mode.) One also may be 
able to grow these first few mirror periods cold with Be. Last time that was 
tried (at UCSB) the losses went up[13], but that may have been simply been 
due to higher Be incorporation. 
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Scaling of the clamping efficiency 

As previously discussed, we would like to have some idea of the scaling of the 
injection efficiency with size. One possible way to estimate this is to measure 
the clamping of the spontaneous emission. The thought here is that if carriers 
are moving laterally outside the region where they are "clamped" then this 
should show up as a relative increase in the spontaneous emission above 
threshold. To measure it, we placed a 930nm bandpass filter in front of the 
detector and recorded the light vs. current. At 930nm, we are measuring 
emission from upper states in the InGaAs quantum wells so we will not see 
carriers recombining in the barriers and cannot measure the total injection 
efficiency (by injection efficiency we mean the above threshold injection 
efficiency which multiplies the optical efficiency to yield the slope efficiency 
above threshold). 
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Figure 6-20: Clamping of the spontaneous emission in the 2-3 um 
diameter "1" Null" device 

Figure 6-20 shows the optical power of the spontaneous emission vs. current 
for a 3um "la Null" VCSEL and we observe the expected change in slope at 
threshold.   Independent of any changes in optical coupling, we can calculate 
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what we will call the clamping efficiency, TJC = {rjb -na)hb > where ^ 2nd % 
are the slope efficiencies of the spontaneous emission above and below 
threshold, respectively.    (Near Margalit used this clamping previously to 
estimate the injection efficiency in broad-area l.55um VCSELs.) Figure 6-21 
shows this clamping efficiency vs. size.  We see no strong variation with size 
which suggests that additional carriers injected above threshold going into 
undamped regions relative to clamped regions changes negligibly with size. 
There are a number of assumptions which keep us from unequivocally 
concluding the lateral injection efficiency is not changing with size, but these 
data provide strong evidence that there is little variation laterally, which is in 
agreement with theoretical predictions in Chapter 5.   Lastly, we should note 
that these measurements are on devices with low scattering losses. If one were 
to measure devices with high scattering losses, one might see a lowering of the 
vertical injection efficiency with size since the carrier density in the active 
region must rise with the additional loss. 
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Figure 6-21: Extracted "clamping" efficiency vs. aperture size for the 
1* null devices 
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However, these measurements beg another explanations for the small drop in 
efficiency at the smallest sizes in the l« Null devices. The other possible 
causes are the thermal rollover or an increase optical losses. Part of the drop 
may also be accounted for by the mode becoming so small and divergent that it 
is difficult to collect all the light in the detector. Estimates of the mode size 
and measurement with a larger detector indicate that this accounts for about a 
2% drop m the efficiency which still does not explain the drop from 55% to 
39% slope efficiency in the smallest device. But the sharp roll-over of the lum 
diameter device even at a smaller power density that the 2um device implies 
heating is responsible. (In theory, if leakage currents were removed then the 
heating will be lower even at a constant power density.) 

Conclusions and Future Outlook: 

Improvements to scaling from reduction of scattering losses with tapered 
apertures and with improvements to the current confinement have enabled 
small <2um diameter VCSELs to have power conversion efficiencies over 
20% and enabled 2-3um diameter devices to reach 20% efficiency at output 
powers as low as l50uW. Such devices can combine several characteristics- 
low threshold, good efficiency, and singlemodeness all of which are desired for 
applications with dense arrays of VCSELs like free-space interconnects. Some 
sacrifice is made in resistance when shrinking device size, but we expect with 
better dopant control in the first few mirror periods that the resistance can be 
lowered without adding significant absorptive losses. 

The designs we presented showed that current confinement benefited from 
bringing the aperture even as close as 50nm to the active region. It may be 
possible to obtain or surpass such improvements with better dopant control 
beneath the aperture although as we discuss in Appendix A some doping will 
probably always be necessary to dope the graded region beneath the aperture. 

We demonstrated that tapered apertures are able to reduce scattering losses 
over abrupt apertures. And such reduction is also possible with thin apertures 
placed at a standing wave null. However, if one desires small (5um-ish) very 
multimode VCSELs (for use with multimode fiber) then a thick, tapered 
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aperture is preferable. Although the objective here was to improve the smallest 
VCSELs, this different direction may be emphasized in the future. 
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Chapter?: 
Tapered Fronts and other Oxidation 
Issues 

Overview 
Wet thermal oxidation of AIGaAs has been around since the late seventies but 
only recently has been employed in optoelectronic devices. A very 
comprehensive review of work in this area can be found in Ref [1] and more 
description can be found in Chapter 4 of Phil Floyd's thesis[2]. The purpose of 
this chapter is not to discuss this background, but to describe the oxidation 
technique for forming tapered oxide apertures and to mention some under 
emphasized issues about stress and oxidation. 

Tapered Oxide Apertures 

The oxidation rate for AIGaAs is highly dependent on Al composition. Even 
adding 5% Ga will drop the rate by an order of magnitude compared to the rate 
for pure AlAs[3]. Typically a single layer of uniform AIGaAs composition in 



186        Chapter 7: Tapered Fronts and Other Oxidation Issues 

a vertical cavity laser structure is oxidized laterally to confine the optical mode 
and current. 

GaAs 

18nm linear grade 

I52nm Al09Ga0lAs 

I0.5nm AlAs 
7lnm Al09Ga0lAs 
12nm linear grade 

Alo.3Gao.7As 

Figure 7-1: Schematic of a layer structure for a tapered aperture (This 
structure was used in the 2nd Null device discussed in Chapter 
6.) 

Figure 7-2: A scanning electron microscope image of a tapered oxide 
aperture formed by the layer structure in Figure 7-1. 
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The oxidation front in the thinnest (~20nm) of apertures does have some 
curvature, but this is usually only over a fraction of the thickness[4] and does 
little to affect the optical mode. Thus, we have considered such apertures 
completely abrupt. But to form a more lens-like optical element, one can taper 
the tip of the oxidation over a much longer distance. This is possible by a 
combination of fast lateral and slow vertical oxidation. As shown 
schematically in Figure 7-1, a layer of pure Al As is imbedded in lower Al 
content AlGaAs. The oxidation proceeds quickly through the AlAs layer, and 
the oxidized layer supplies water vapor to the layers above and below which 
oxidize vertically forming the tapered shape. After the structure in Figure 7-1 
was oxidized in a steam environment at 430°C for 15 minutes, the taper shown 
in Figure 7-2 was formed. 

.* t £••#■ ~^, •■. . 
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Figure 7-3: The evolution of a taper as characterized by R. Naone. 
Once formed, the taper shape does not change appreciably. 
(The sample was oxidized at 450°C using a water temperature 
of 95°C with N2 flowing though it at 1 L/min.) 
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For the example structure, it was found that after the initial formation of the 
taper, the shape does not change appreciably even though the depth of the 
oxide front may vary by many microns. Ryan Naone characterized this aspect 
for the development of taper formed by a 20nm layer of AlAs sandwiched by 
Al097G003As. His results are shown in Figure 7-3. 

The taper length is very sensitive to the oxidation rate of the supply layer 
relative to the surrounding AlGaAs. And in the examples shown, this AlAs 
supply layer is thin enough that the rate of oxidation depends on its thickness 
as Naone has measured and explained theoretically [4]. Thus, by varying the 
AlAs thickness, we can vary the taper length. Figure 7-4 shows a calibration 
test structure and the resulting taper lengths are plotted in Figure 7-5. 

Comment on MBE digital alloys and oxidation 

We should note that when the structure is grown by MBE that it is important to 
ensure that the digital alloying is done in the same manner in the test structure 
as in the real structure because this will effect how thick the AlAs layer is 
(depending, if the 90% Al layer below it ended on AlAs or GaAs). A detailed 
growth program for the 1st Null VCSEL is given in the Appendix C. Although 
digital alloys generally have a period of 2nm or less so that they appear 
electronically the same as the analog alloys, this makes it difficult to form a 
digital alloy for 98% Al 2% Ga (without using three cells) because the time to 
open and close the shutters is too short at 1 (im/hr growth rates. Nevertheless, 
one can produce" a 98% Al content layer by using a superlattice of 4.9nm 
AlAs/O.lnm GaAs/4.9nm AlAs. Although electronically this structure may not 
look exactly the same as a 98% Al analog alloy, the oxidation rate is 
considerably lower compared to AlAs. And typically all that matters is that 
material can be reproduced from a test structure to the actual device. 
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Figure 7-4: A test structure used the characterize the taper formation. 

8 9 
AlAs Thickness (nm) 

Figure 7-5: Taper length variation vs. the thickness of the AlAs layer in 
Figure 7-4. 

The taper shape can also be controlled by using lower Al content in the supply 
layer or in the vertically oxidized layer. Naone has some examples of shorter 
tapers formed when the composition is varied[5]. And sometimes it is 
desirable to have very precise control over the amount of vertical oxidation 
when the oxide layer is used to control the resonant wavelength of a VCSEL. 
In that case, a 70% Al content cladding layer was used[6] adjacent to lOnm of 
AlAs. In fact, the 1st Null devices discussed in Chapter 6 use a 70% Al content 
layer above the 90% cladding layer used to form the taper. The 70% Al layer 
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will also oxidize vertically some distance near the edge of the sample (-10 urn 
from the aperture tip). In the future designs it may desirable to raise the Al 
content of this layer in order to have the aperture be thicker near the edge of the 
device to reduce the parasitic capacitance. (See Figure 7-6.) 

GaAs 

Al0.7Ga0.3As 

A.1Q (JVJEQ I AS 

10.5nmAlAs 
Linear grade 

Alo.3Gao.7As 

Figure 7-6: Schematic of a two tiered taper. The oxidation of the 70% 
(or a somewhat higher) Al content layer can be used to form a 
thick oxide layer well away from the optical mode purely for 
reducing the parasitic capacitance across the oxide. (The taper 
angles are exaggerated.) 

Lateral oxidation rate Control 

One must not only adjust the composition of the layers for the desired tapered 
shape, but also the oxidation rate should be reasonable and the rate for the 
aperture in 1st Null structure is given below (the layers oxidized are like those 
in Figure 7-4 with a lOnm thick layer of AlAs except the 90% Al content layer 
is clad by a 70% Al content layer - a precise structure is given in Appendix C). 
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Figure 7-7: Oxidation depth vs. time for the Is Null structure described 
in Chapter 6. Because the oxide was buried, the depth was 
measured using an SEM. 

Although for the quick and dirty test above, all the points happened to lie on 
one line, generally at this rate the depth is controllable within +/- luin (from 
my experience closing off pillars in several processing runs). Before the 
oxidation of the" full sample of VCSEL pillars, a portion of the sample is 
oxidized and a IR camera is used in conjunction with a 0.75NA lens to see 
which pillar sizes closed off. Then the rest of the sample is processed. Ideally, 
better control is desired especially in an industry environment. Control may be 
improved with oxidation at lower temperatures using lower Al content layers 
which oxidize more slowly. However, if possible one would like to re-oxide 
the layers. Unfortunately, my experiments trying to re-oxide layers seem to be 
more revealing about vapor and stress in the oxide than helpful to making 
devices. 
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Re-oxidation, Water and Stress in Oxide 
Films 

If an oxidized sample (in this case one with a 20nm AlAs layer clad by GaAs) 
is left out in air (even for a few minutes), and one tries to oxidize it again, then 
a second oxide front eventually moves past the first, but in a non-uniform 
manner, and the semiconductor can break in regions over the first oxide front 
as shown in Figure 7-8. 

Figure 7-8: A microscope image of the sample surface after attempting 
to re-oxidize a sample that was left in air for 15'. The oxide 
front (lighter region) moves, but in a non-uniform manner, and 
pieces of semiconductor break off where the first front was. 
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I tried several different intervening steps between oxidation and re-oxidation, 
but only keeping the sample in LN2 worked satisfactorily. We should also 
note that the first oxidation was 5' at 450°C and the second oxidation was for 
10' at 450°C (both with a water temperature of 70°C), and the oxide front may 
be able to move after more time in the cases when we observed the front was 

"sealed". 
Process Step Between Oxidations      Result                                               | 

Air, room temp. 15' partially sealed 

Air, 200°C sealed 

Methanol (room temp) sealed 

Leave in furnace with N2, no vapor sealed 

LN2 15' re-oxidizes with smooth front 

2'LN2 + 15' Room Temp re-oxidizes, but surface cracks 

Table 7-1: Various methods tested to promote reoxidation and their 
results. 

"Sponge?" Theory of Wet Oxidation 

It would be nice to have some understanding of the process preventing 
reoxidation and it appears because of the sample cracking that it has something 
to do with stress. In fact even single oxidations can bow the semiconductor 
surface as shown in Figure 7-9 and we know that in crystalline form the A1,03 

would like to be 20% thinner[l]. 

But thermal stress alone cannot be responsible because the sample left in the 
furnace without water vapor also is sealed. However, we can consider the 
oxide behaving like a sponge - I only mean by this statement that the water is 
keeping the oxide in a particular form (This is just my guess.). With vapor (or 
maybe just an overpressure of OH" to keep Al(OH)3 from turning into A1203) 
present, the oxide may be larger than without. Once the vapor is removed, the 
oxide compresses and makes it harder for vapor to come in and move the front. 
In air or especially in a solvent that loves to soak up the water, the water may 
leave very quickly. But when the sample goes immediately into LN2, the 
water stays inside and the re-oxidation can proceed like nothing happened. 
This hypothesis suggests that a water treatment before re-oxidation might help. 
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Andrew Huntington tried using doing this, but with only limited success 
Lastly, we should remind ourselves that the layer tested in Tabled I 2AIs 
and layers With 2% Ga may not behave as badly when re-oxidized. 

Figure   7-9:   An   SEM   showing  two   oxide   fronts  can  bow  the 
semiconductor surface before closing off.   (The fronts were 

l?7£lr I°5tm WidC m£Sa aft£r bein* in ^ f"™<* for 30  at 450 C.   The top AlGaAs layer is 246nm of 97.5% Al 

ÄSsßrof AlAs in the middie- ^iayer is beneath 

Potenttal Problems at Pillar Perimeters 

In „mn T apertUreS haS bCen shown ,0 make «"*»• Pi»ars 
"S"* a 'T!^ bUt *" Pr0blem te no'occumd » devices 
at UCSB which „se thin layers of AIAs. While no pillars have popped off de- 
tatnanon of the lower (90%) Al content layers a, the edge of the^llar does 
occur. Alftough the* layers oxidize about ten times shorter distance than Ü, 
aperture, ,he,r total thickness is pretty high (as high as half the pillar heigh,) 
and they are under more stress. 
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Figure 7-10: Oxidized layers at the edge of the pillar can delaminate 
after a contact anneal as shown in Figure 7-11. 

Figure 7-11: An SEM image showing de-lamination of the oxidized 
layers at the edge of the VCSEL after the contact anneal at 
410°Cfor30". 
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Despite the de-lamination at the pillar edge after the contact anneal, the 
VCSELs still lased and had state of the art performance. Perhaps this de- 
lamination is not a problem and may just look bad although it might lead to 
longer term reliability problems. To avoid or reduce this potential problem, the 
aluminum content could be reduced further in the mirror layers. Or these 
layers at the edge could be etched away before the contact anneal. Or both 
contacts could be annealed during the oxidation (using Ti/Pt/Au and Pt/Ge/Au 
contacts). Or perhaps under-etching rather than oxidation can be used to form 
the apertures in the first place. 

Conclusions: 

We demonstrated and characterized the formation of tapered apertures by the 
slow vertical oxidation of a lower aluminum content layer placed adjacent to a 
faster laterally oxidizing higher aluminum content layer. These apertures were 
successfully employed in several VCSELs resulting in lower optical scattering 
losses as discussed in Chapter 6. 

We also showed some uglier aspects of oxidation created by stress in the layers 
which tends to inhibit their re-oxidation and can cause the surrounding 
semiconductor to bend or break off. These may cause reliability problems, but 
if delamination stays only at the pillar edge, it may never cause problems. 
Perhaps even a rapid thermal anneal is good since the stress is relieved 
afterwards and one can weed out any failures earlier. Industry will probably 
find out soon enough. 
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Chapter 8: 
Conclusions and Outlook 

Summary of Essentials: 

This work has primarily focused on improving the properties of smaller 
vertical cavity lasers through changes in aperture design. With proper scaling 
of the broad-area threshold current density and slope efficiency, smaller 
VCSELs of course will have lower threshold, but they also will have higher 
wall-plug efficiency at lower powers and higher modulation current efficiency. 
And with lower operating powers being optimum in smaller VCSELs, the 
drive voltage and temperature rise can be lower depending upon aperture 
design even with increasing electrical and thermal resistance. (Table 2-1 
provides a summary of the scaling of various characteristics under ideal 
conditions of constant current density and slope efficiency.) 
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Two major barriers to ideal scaling in apertured vertical cavity lasers were 
analyzed extensively in this work: optical scattering losses and current 
spreading. 

Analysis of the guiding by abrupt index apertures showed that at sizes below 
4um diameter (for A.~l|im), scattering inherent to the aperture and cavity design 
(ignoring any roughness) would begin rising sharply and be comparable to the 
absorptive losses from the doping. The loss for abrupt apertures was 
formulated simply in terms of two parameters of the laser: the cavity Fresnel 
number and the effective phase shift of the aperture (accounting for the 
placement in the standing-wave). The predicted losses (although somewhat 
lower than, but on the same order as those extracted from actual devices) 
motivated and explained the improved scaling of the slope efficiency by 
employing thinner (or optically weaker) apertures. In addition, further analysis 
with an iterative model for the mode and losses not only confirmed the 
estimate of the loss from the simple two parameter model, but also showed 
considerably low loss for apertures with tapered tips which make a more lens- 
like optical confinement. Such tapered apertures were produced by taking 
advantage of the very sensitive dependence of oxidation rate upon Al 
composition and can be constructed by placing lower (e.g. 90%) aluminum 
content layers next to layers of higher content (e.g. ALAs) and relying on both 
lateral and vertical oxidation. VCSELs with sufficient index gradients 
demonstrated low excess losses slightly below those found in devices with 20- 
30nm thick apertures, and trends in improvement agreed with theoretical 
predictions as with abrupt apertures. The low scattering losses provided by 
tapered apertures have enabled record high slope and wall-plug efficiencies 
for VCSELs with aperture diameters below 2/jm. 

This work also addressed current spreading between the aperture and active 
region with both theory and experiment. A simple estimate for the lateral 
spreading current was formulated in terms of two parameters that could be 
easily applied to existing structures and helpful to understand the threshold 
scaling. The estimate of spreading current in thin aperture devices, led us to 
try positioning the aperture much closer to the active region (~50nm) away. 
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The improvement in current confinement was confirmed by fabricating and 
testing other devices with apertures further from the active region. 

While we still have not reached ideal scaling of the current density, we have 
nearly reached ideal scaling of the device slope efficiency through the use of 
thin and tapered apertures. The improvements to scaling of both parameters 
has led to improved wall-plug efficiency at lower output powers and at sizes 
small enough to be single mode. As we described in Chapter 6, the efficiency 
measured at powers <150uW (for the devices 2-3um in diameter) is only 
matched by one other published result in a larger, 7um, device[l]. 

Figure 8-1 shows wall-plug vs. size based upon fits to present device data for 
the Ist Null devices described in Chapter 6. In producing these curves, the 
slope efficiency was held constant (which has a minor error only at radii 
<lum). The operating voltage fit to a current independent voltage, VQ, which 
varied as Vjy= 1.49+0.745dx56 (volts), where d is the aperture diameter in urn, 
and a series resistance, RS, varying as Rs=2.5\kQ(l/d)0.7. The size- 
dependence of the threshold fit well to Im= O.lmA/2 + (0.1mA J&471)0 5(rf/2) 
+JßA<ä/2)2, where JßA= 600A/cm2. 
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POUT=0.50mW 

POUT=0.15mW 
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radius (jam) 

Figure 8-1: Wall-plug efficiency vs. device radius based upon fits to 
device parameters vs size for the best performing devices in 
this work 

Future Potential Performance: 

Even with improvements in current confinement, leakage still remains 
significant at the smaller sizes (as we discussed in Chapter 6). And due to the 
Be redistribution, the scaling of the voltage is likely worse that could be 
achieved with the same optical losses. Based on the estimates the 
improvements in the loss-resistance product discussed in Chapter 3 and based 
upon the loss-resistance products obtained in top performing carbon doped 
devicesfl], use of a controlled doping profile (which is most important in the 
first few mirror periods where the doping is low) would probably give about a 
30% lower resistance for the same optical losses. The expected improvements 
from removing leakage and from lowering the resistance are shown in Figure 
8-2 for the cases of 0.5 and 0.15mW output power. 
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-2: Scaling of the wall-plug efficiency at constant output power 
based on fitting the 1st Null devices and the predicted 
improvement with current confinement and lower resistance. 
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We see that the most important improvement for higher wall-plug efficiency at 
lower output power is better current/carrier confinement and that by 
eliminating the excess current the peak efficiency will be higher even at lower 
output powers and smaller sizes - a trend we described in Chapter 2. 

Future Opportunities: 

Better Confinement 

The improvements to scaling from better aperture design are desired for the 
smallest single-mode devices needed in the lowest power applications such as 
free-space optical interconnects chip-to-chip or board-to-board. And further 
improvement may be possible with techniques such as regrowth for carrier 
confinement or better dopant control just below the aperture. 

Lower Capacitance 

As we discussed, the parasitic capacitance can be reduced by using a thicker 
aperture away from the optical mode. Though the aperture in the 1st Null 
devices did have some longer tapering that extended over ~10um from the 
optical mode all the way to the mesa boundary, the measured thickness change 
is not significant to change the capacitance across the oxide. As we described 
in Chapter 7, a slightly higher aluminum composition above the nominal 
aperture is desired to achieve this effect. 

Small, Multimoded VCSELs 

Much of this work focused on tapered apertures for lower losses for the 
fundamental mode in the smallest devices. But another possible opportunity 
for tapered apertures is to provide low scattering losses for many modes as 
desired when making smaller VCSELs for links using multimode fiber. 
Although thin apertures can provide low loss, they cannot guide as many 
modes as may be desired when the aperture becomes <~7um diameter. 
Tapering is also useful at bunching lateral modes together spectrally which is 
desirable to squeeze more channels into a multimode WDM system. But such 
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potential   benefits   of  tapered   apertures   have   yet   to   be   investigated 
experimentally. 
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Appendix A: 
Graphite source carbon doping 

Introduction 

Carbon doping is very much desired for use in AlGaAs based vertical cavity 
lasers because unlike Be or Zn, C is a p-dopant that tends to stay in place 
during growth or any subsequent high temperature annealing. And the highest 
wall-plug efficiencies in VCSELs have been achieved in structures that use 
carbon doping. (In one case CBr4 is used in an MBE system for the results of 
Ref. [1] and in another CC14 is used in an MOCVD system for results of Ref. 
[2].) As we discussed in Chapter 6, we even expect the scaling of the 
resistance to improve with carbon doping due to better control of doping in the 
more lightly doped first few mirror periods. 

At UCSB, we have employed a heated graphite filament in an MBE system as 
the source for carbon. Matt Peters (in Appendix D of his thesis[3]) describes 
some background about the source along with initial doping calibrations, 
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contact resistance measurements, and in-plane laser characterization. Even for 
the same structure, the in-plane lasers tend to have lower threshold and higher 
injection efficiency (but also higher loss) than the best from system A (which 
uses Be) probably because the Be may move into the active region and raise 
the transparency current density and because the Be may not incorporate as 
well into the AlGaAs cladding resulting in lower loss, but also a higher field 
and lower barrier for electrons escaping the separate confinement 
heterostructure (SCH) and the quantum well region - this will lower the 
injection efficiency. 

However, Peters attempts to make 980nm VCSELs or grow mirrors for wafer 
fused 1.55um VCSELs were unsuccessful because of roughening of the layers. 
Under similar growth conditions of a 600°C substrate temperature and high As 
overpressure and 100 orientated GaAs substrates, other authors[4-7] using 
graphite filaments for carbon doping have only observed roughening of 
GaAs/AlGaAs structures at high doping levels (>lei9cm"3) and not the 
moderate levels (~lel8cm'3) used for the mirror growths, but the structures 
grown in other works were not several microns thick as are VCSEL mirrors. 

Optimized Growth Conditions for C doping 

I tried several different growth conditions to avoid roughness in the carbon 
doped DBR mirrors (using a lower growth rate, lowering the Al content by 
10%, using a substrate cut off-axis), but the most dramatic effects occurred 
when varying the substrate temperature. SEM images of the growths are 
shown in Figure A-1. These mirrors (designed for 1.5.5 um wafer fused 
VCSELs) are about 8um high and the most challenging to grow smoothly. All 
the AlGaAs was grown by a 2nm period digital alloy and only step changes in 
doping were used (no delta doping), and the highest doping level was in the 
mid-10"cm'3. We can see the smoothest layers are produced at 675°C. (But as 
we will shortly discuss a somewhat lower temperature of 660°C is probably 
preferable.) At this high temperature the As flux was increased from its typical 
0.9 10"5 Torr beam equivalent pressure (BEP) to 1.3 10'5 torr to ensure 
sufficient As incorporation^]. (It is doubtful the increased As flux is 
responsible for smoothing the layers because I also grew an undoped mirror at 
600°C using the usual (lower) As flux and observed no roughening.) 



Appendix A: Graphite Source carbon doping 209 



210 Appendix A: Graphite Source carbon doping 

gJtJrjBK*.-"«'«-   '■■- , v-'-**^-- - ^4 ' **                  "K' ,v     'v^c*w.-*0ttj^W|i »#*■•.   .*-  .   .       1 

na^^^MA^^S^^te 
.. i..'   »..«-,^s»«»' •»'«*-'-■<.* 

.'T '\^ZZz£ZZ 
v^#"-^j*»**»«' 

:~«4pai+*--*^hmc1fS* • --M*«': *l«M*l*-.-   ..-.-- '    x          - 

*■•--- r    - ->#r^«t-J-.^   -(fri^J ^w- - - --^   *»■- .—i irnfit»   ■•_■ 

* V'.  *'           >. 

x 10k 0042      12kV 5pm 

(c) 

Figure A-l: Growths of Al09Gao ,As/GaAs mirrors centered around 
1.55um with an average carbon doping around 1018cm"3 at 
substrate temperatures of (a) 520°C, (b) 600°C, and (c) 675°C. 
Roughening is removed in the highest temperature growth (but 
this growth may be too hot as revealed by Af M) 

Surface analysis 

Although the hot growth at 675°C yielded a surface smooth to the eye and to 
the SEM in cross-section, it still had odd defects on the surface as seen in an 
optical microscope under Nomarski or by atomic force microscopy(AFM). 
Such an image is shown in Figure A-2. One can see some pits and one large 
bump in the image. These bumps were all over the sample. In the regions 
without the pits and bumps, the surface is very smooth with an RMS roughness 
of0.169nm. A linescan over the bump is shown in Figure A-3. Interestingly 
there is also a pit in the middle of this bump. We do not know the cause of the 
bumps but the high growth temperature is suspected because the bumps did not 
show up in a growth at 660°C and because the substrate temperature of 675°C 
set just before growth likely means a 695°C temperature during growth due to 
the radiation from the carbon filament (as we will discuss). Perhaps the bumps 
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are just a one-time artifact of the original sample surface. However, such 
bumps have not been observed in the microscope images routinely done of 
defect samples from the system. 

Figure A-2: lOxlOum AFM image of the surface of the carbon doped 
675°C sample. The white line indicates the location of a 
linescsan below. (Measurement courtesy Jin Kim) 
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Figure A-3: Linescan of the bump shown in Figure A-2. 
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Figure A-4: 2x2(im AFM image of the surface of another l.55um 
mirror growth at 660°C. No bumps were observed, as in the 
675°C growth, and no larger scale roughness occurred as in the 
600°C growth, but pits remain over the sample. (Measurement 
courtesy Alexis Black.) 
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UM 

Figure A-5: Linescan of the pit shown in Figure A-4 
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Despite the bumps in the 675°C mirror, this mirror was smooth enough that 
Near Margalit could incorporate it in a wafer fused VCSEL which lased CW 
up to 45°C[9]. And these bumps did not appear in another 1.55|am mirror 
grown at a lower temperature of 660°C. We show this surface in Figure A-4. 
This mirror has an RMS roughness of 0.27nm in a pitless area and of 0.4 lnm 
over the whole image. We should point out that this mirror is much smoother 
than other A.~l.55um, 7um high Be-doped AlGaAs/GaAs mirrors (grown at 
500°C) which have an RMS roughness of 2.5nm[l0]! On the other hand, the 
660°C carbon doped mirror is still not as smooth as the top of 980nm VCSELs 
which have 4um high Be doped mirror grown at 500°C on top of 5um of n- 
doped GaAs/AlGaAs grown at 600°C. Figure A-6 shows an AFM of the top of 
such a VCSEL. It shows no pits and has an RMS roughness of 0.25nm. 

Figure A-6: AFM the Be doped Ist Null 980nm VCSEL 
shown for comparison. (AFM courtesy A. Black.) 

Reasons for Roughness 

Roughening at high doping levels (>lel9cm"3) is suspected to come from strain 
in the layers due to the larger size of C compared to As[7]. In that case, colder 
growth should help to keep the layers strained (and hence smoother). 
Roughening can also be caused by poor conditions for growing AlGaAs which 
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occur in a temperature range from 630-680°C when As4 is used[8]. But at 
UCSB, we have used a cracker to produce Asj and have not observed roughing 
of typical AlGaAs digital alloys at these growth temperatures. However, if the 
AlAs thickness within a period of the digital alloy exceeds about 5nm at a 
growth temperature of 680°C or if an analog alloy is grown, then facetting can 
be observed as described by Mirin[ll]. (See also Chapter 5 in J. Ko's 
thesis[l2.]) This facetting is due to too much surface mobility of the Al and 
occurs only along one crystal orientation. This roughness is avoided by using 
thinner Al layers and/or using lower substrate temperatures which reduce the 
Al mobility. Lastly, roughness can be due to impurities which limit the surface 
mobility. This is most likely the cause of the roughness in the mirrors because 
the higher substrate temperature increases the Ga and Al mobility. However, it 
is not clear that atomic carbon is alone responsible for the reduced mobility 
because DBR mirrors grown by MBE at 600°C with CBr4 do not have this 
problem[l3]. Both C2 and C3 will come off a graphite filament in vacuum 
though the rate is expected to be l Ox less than atomic C[5]. Perhaps the carbon 
coming from the filament is in a higher, more reactive, energy state (not 
necessarily ionized) than the carbon that is created when a molecule like CBr4 

is cracked on the substrate surface. Or perhaps the Br acts as some surfactant 
(as does Sb even when the substrate is too hot for it to stick). But these are just 
guesses. 

980nm C-doped VCSEL Results: 

While lower voltage is the main reason touted for using carbon rather than 
beryllium doping, a better stated goal is lower voltage with the same or lower 
optical losses. Essentially, we are interested in a lower loss-resistance product 
at a given aperture radius. Although the threshold of devices may vary 
depending upon the offset between the gain peak and the mode, material 
quality and current confinement, we can examine the loss and resistance 
independently to see if the doping is optimized provided we are comparing 
devices large enough that the optical scattering losses from the aperture are not 
affecting performance. 

We have made several generations of carbon doped VCSELs all with the same 
mirror transmission (0.7%).  The L-I-V curves for 7|im diameter devices are 
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shown in Figure A-7 and Table A-l shows a summary of the loss and 
resistances. 

2       4       6       8 
Current(mA) 

10     12 

Figure A*7: L-I-V Curves of several generations (C1-C3) of C doped 
7um diameter VCSELs and the 7um Be doped (Bel) 1st Null 
device shown for comparison (This device has the highest 
wall-plug efficiency). 

Label    Alternate             Resist-      Loss          R-L           Comment 
Sample name      ance Q     (%/RT)    %Q/RT 

Bel 1st Null 491 0.28 137 Best for Be 

Cl TPeak 162 1.15 187 Doping high 

C2 Vegas 723 0.29 212 Bad diode turn-on 

C3 Monte Carlo 404 0.49 197 Large gain-offset 
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Table A-l: Summaiy of carbon doped 980nm VCSEL characteristics 

The first generation (which we will call Cl) were the «I* Peak" devices 
d.cussed previously in Chapter6 and compared to the Bel «r« Nut devi es 
Due to an uncalibrated drift in the filament resnonse Cl Vr^r V 
carbon doped (2el8 on average) ^ ^ ^^Z^Z^ 

pertod, The Resistanceisthe .owes«amongthe cl" de    eTbu 

benefit. The second generation (C2) devices had low loss but a verv Lh „ 
on voitage (which was no, due to high comae, resistanw%Lh= m 
turn-on ,s because tie linear grade between the aperture and the M C»t 
«hat surrounds the active region was no, doped. Int B^d ped °™ 
d vtces fins regton was also nndoped, bu, as discussed in Chapter 6 Be 
dtffused ,n,o the active region. In ,he C2 devices i, is umixely7.^ carbon 
moved ,„,o fine grading region.   ,n . study of „,.„ iMe c^^ 

ttn le C°„     ,,     WhenK 'he d°"in8 endS in 3 "* A1 ™«S ftenfte nun-on voltage can be very high.   In generation (C3), ,he grading 
between the aperture and ,he active region was doped and the reside 2 

L-I curve thus should no. effect the loss-resistance analysis.)  UnTrtTaet 
none of the carbon doned vrspr, „,. i. A unionunately, 
devices      NlJTh ,        \ Ched °r Surpassed "« •>«, Be doped 
devices.      Nevertheless,   the   material   is  good  enough  tha,   reasonable 
performance can be achieved when one demands a dopant1, wi„ " 
durtng a htgh ,emperature (>800°C) anneal  which might  be  useTm 
dtsordenng or for improving material quality. 

Comment on Ga desorption and center wavelength: 

Hot growth means there may be n, Ga desorption; so the g^ rate is not 

the same as we expect. I tried to test mis by growing DBR cnlihZ™        . 
executively a, oWC. 660 and 600'C, butTStat™^ 

le 5 TorSe
hl

be
d
thV0n8r ^^ ftoW* * »S> As flux of 

vrJt i u f redU" ^Sorption. To be on the "safe" side during VCSEL growti,, „e ^ few ^ of ^ ^ ^ ^ ^ ^ ^1 
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are grown at 630°C and the rest are grown at 660°C. In case there is desorption 
at 660°C, it should not change the wavelength considerably. 

Other unique aspects of a filament source 

Substrate Heating 

The substrate temperature we have been quoting is the temperature measured 
by the pyrometer when the carbon source is closed. However it is worth noting 
that the carbon filament will radiatively heat the substrate. 

640 

-10 10        20        30 
time (minutes) 

40 

Figure A-8: Substrate Temperature vs. time after exposure to hot Ga 
and C sources. The C and Ga sources heat the substrate about 
20°C 

Figure A-8 shows a plot of the substrate temperature vs. time as the Ga and Ga 
and C are opened and closed. As the substrate rotates some light from the 
carbon filament can get reflected into the pyrometer and give a higher 
maximum reading, but you will notice that once the carbon shutter is closed the 
maximum and minimum converge, and it takes sometime for the temperature 
to decrease indicating the true substrate temperature was about 20°C higher 
when the C shutter was open. 
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Filament Temporal Response 

One of the undesirable feana.es of the carbon filament is .ha, i, takes sometime 
.o change temperanore. ras adds a couple of hours extra delay opmZ 
growths (a mtnute or so per mirror layer is the minimum delay) Isidefrom 
he disadvantage for the grower (who may have to shut things off a, TZ 

mstea  of l^, the extra de|ay meam „ , ^ £J   « «*» 

dopmg profile as we would like even though the carton may stay pu,   Z 
even wtth te one minute delay per mirror interface, i, is stiU like,   LtT 

doZ8 ™ I' Tte dUring 'ayere te " -W— <° <- — doped.  Wth a vaived gas source, changes in doping level would be virtuallv 
mstantaneous and offer much more flexibility to the grower. 

Time (Minutes) 

Figure A-9: Response of the carbon filament after the current source is 
changed from 73 to 77 amps. (The voltage on the power 
supply necessary to keep a constant current decreases because 
the resistance of the filament goes down as it heats up ) 
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Conclusions: 
Use of a graphite filament for carbon doping in MBE has presented some 
difficulties in producing smooth layers. However, we found that by using a 
substrate temperature between '630-670°C, the layers become smooth - though 
they still have some pits over the surface. (Perhaps, as John English suspects, 
these pits are simply from thermal desorption of Ga and can be reduced with 
slightly lower temperature ~640°C and higher As flux.) Despite these pits, the 
mirror material for 1.55um VCSELs is good enough that the fused VCSEL 
researchers achieved record high temperature (70°C) CW operation using 
it[l4]. However, we were unable to improve the performance of 980nm 
VCSELs over the best achieved with Be doping. Perhaps this is due to some 
residual optical loss from the pits. Hopefully, gas source carbon doping will be 
available soon in the UCSB MBE lab and these problems will be solved. 
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Appendix B 
Theoretical Odds and Ends 

Periodic and Uniform waveguiding: 

In chapter 4, we described the propagation of a scalar wavefunction through an 
empty cavity with an aperture. When the cavity is unfolded, this periodic 
waveguiding (in the Fresnel approximation) is just like the BPM method 
commonly used to model waveguides. Of course, BPM (or periodic 
waveguiding) is only an approximation of a uniform waveguide and the 
difference between the wavefunctions depends upon where one picks the 
wavefunction in the periodic guide (i.e. just after the aperture or symmetrically 
between them.) Here we crank out that difference in terms of the cavity length. 

Periodic waveguide equation 

Recalling from Chapter 4, Eq. (4-18), passing a scalar mode, ¥, through a cell 

of the periodic waveguide can be represented as the operator, P . 

P^ = Dexp{;V(x,y)}DT (B-l) 

As we described in Chapter 4, #x, >0=*bA#id(jc,y)£c where A*d is the effective 
index profile of the equivalent uniform waveguide and D is the free-space 
propagator for the wavefunction diffracting through half a cavity length. (This 
time we will use physical rather than normalized coordinates.) Again from 
Chapter 4, the D operator is defined (in the Fresnel limit) by: 

D = F-1exp[-A2Z,c/(4Ä:0n0)JF (B-2) 

where the operator F is the Fourier transform defined by 
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F = \\dkxdky exp{jkxx + jkyy] (B.3) 

If 4>is a mode of the periodic waveguide, then it is an eigenfunction of 
P whereby, 

P^expO^A^)^. (B-4) 

A*m is a constant (spatially-independent) effective index step for the mode. 
Unlike the definition in Chapter 4, here we define An, relative to the effective 
cladding index, nd.mia, rather than the effective core index, An   =n   -BJ ,        . 'mm     "d-min» 
and nm is the effective index for the mode. To make a comparison with the 
wave equation for a uniform waveguide, we need to start expanding this 
expression in terms of Zc. However, to keep the math compact, we will try to 
minimize the amount of expanding we do. For the D operator, we have: 

D = F-1 exp{-y*,2£c/(4*0«o))F = H ±[- jk?Lc/(4k0n0ft I n&b    (B-5) 
71=0 J 

And we note that when a function is multiplied in k-space by -)kx that this 
operation is equivalent to taking the derivative in real-space. Consequently, 
multiplying by ^V+V in the Fourier domain, is the same as applying 
v± = vl + Vj to the function in real space. Thus, we can rewrite D as 

= exp(#c/(4MoM) 

For those not comfortable with operators in the argument of an exponential, 
one can always undo the last step. Now let us rewrite the periodic waveguide 
eigenvalue equation: 

PT = Dexp{Mx,v)}D4' 

= exp(/Xc/(4*0«0M)exp(/*o*"d(*,y)Lc)exp(/Zc/(4k0n0)V2
±}i> (B-7) 

=* expijk0AnmLcy¥ 

To write this more compactly, we define A = —— v\ and B = k0And(x, v), 
4kQn0 

then, 

P^F = exp(/XcÄ)exp(/£cB)exp(/XcÄ}F = exp(jk0AnmLc)V     (B-8) 



Appendix B: Theoretical Odds and Ends 223 

It looks tempting to simply add the arguments of the exponentials, but this 
would be a serious mistake because the derivative operator and multiplication 
by A«d(x,y) are not operations that commute; i.e. you cannot multiply a 
wavefunction by A/?d(x,y) and take the derivative and expect the same answer if 
you did them in opposite order. This condition also prevents us from dropping 
all theyic factors in the exponentials. 

Uniform waveguide equation 

Now we will move to the wave equation which does not initially look much 
like (B-7). In a familiar form, the wave equation is 

[vl+k2nd
2(x,y)\¥ = k2n2

mV (B-9) 

where, as mentioned, nm is the effective index for the mode. We now make the 
approximation of small differences in the distributed index steps (which 
typically are pretty small <2% n0). 

n] (X, V) = k_min + tod (*< y)Y * nd-mm + 2"d-min*»d (*. >0       (ß_j Q) 

n2
m(x,y) = [nd_min + Anm(x,y)]2 * nj_min + 2nd_mmAnm(x,y) 

Without adding any first order errors in index step, we can also approximate 
the second term as 2nd_mitlAnd * 2n0bnd. Combining these approximations, 

the wave equation now looks like: 

—L_V2
1+k0&nd(x,y) V=k0AnmV (B-ll) 

We define W = —— V2
L + k0totd (x,y).  Because W¥ = kQbnmV, we can 

2*0"o 
operate on both sides with Wand obtain W24> = {k0Anm)2V.   We could 

keep doing this for any power of Wand then add these equations together as 
the Taylor series for an exponential then we get a new form which we define as 

the Ü operator: 
IW = exp(/Xcw}F = exp(jk0AnmLc)V (B-12) 

Lc has been introduced here as a constant which could be dropped from both 
sides, but is needed to compare the order of the expansion. Using the previous 

definitions for A and B, this becomes: 
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ÜT = exp(/Zc [2Ä + B}V = cxp(jk0An„Lc )¥ (B-13) 
Now this form of the wave equation, Eq. (B-13) looks very similar to the 
eigenvalue equation for the periodic waveguide, Eq. (B-8). \ f^c  the ri "h 

Ileft T     " I6 * T hr t0 ^ ab°Ut * But ** exponential the left side are combined which we know is not quite the same. 

£2*difference between periodic and <""*>"" 
To determine the difference between the Ü operator (which has the same 

eigenfunctions as the uniform waveguide operator, W) and the and the P 

operator (which has eigenfunctions of the periodic waveguide) is simply an 
exercise in Taylor series expansion. If the P and the Ü operators are 

expanded to second order in LC they will match. Then one can say that the 
eigenfunctions of the uniform waveguide will match the periodic waveguide 
However, if the operators are expanded to third order in Lc, we find 
differences. Expanding the P operator gives: 

Py = exp(yic A)exp(/XcB)exp(yXc k)v 

\ + jLck- L
z

c\' m^ 
(B-14) 

l + jLck- 
LZ

CX- JL3ck^ 

And expanding the Ü operator gives: 

Üvf = exp(/ZC[2A + B])p 

1 + 
1 c 

(B-15) 

J 
If we multiply out all these terms and collect them, we will find that 
P = U + AU and that 

AU = -y4/6[2ABÄ-BA2-A2B-2BÄB + B2Ä + AB2]       (B-16) 
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I     A A      | A       A A      A 

which can be more compactly expressed using the notation [A, BJ = AB - BA, 

AÜ = -yi3
c/6[Ä + B,[B,Äj (B-17) 

Because the operators are not very physically intuitive, lets get back to some 
physical variables. The difference term depends cavity length, wavelength, the 
total index step, and but such factors multiply [B,Ä] and if this term is zero 

A 

then so is the difference term, AU. 

B,A]=— (A^(X, v)Vi -V2
LAnd(x, v)) (B-18) 

We see that if we could just move the index step through the Laplacian, then 
we would be ok, and this can happen when the index profile is parabolic so that 

«   * 1 
its second derivative is a constant. In that case [B, A]=0. 

Note on location of wavefunction in the periodic waveguide 

The cell of the periodic waveguide we used started between the apertures and 
gave the operator this form: 

PT = exp(/XcÄ)exp(;XcB)exp(;XcA}F (B-19) 

But if we had begun the cell of the periodic waveguide just before the aperture, 
then the operator would have the following form: 

P4> = exp(/Ic 2 A)exp(/XcB)f (B-20) 

If one then expands this operator to second order in Lc and compares it with a 
A * 

second order expansion of U, then there is difference, AU between the 
expressions and that difference 

AÜ = Z,"C[B,A] (B-21) 

depends upon [B,AJ as before. Thus, to obtain the best match between the 
uniform waveguide and the periodic waveguide, one should compare the 
wavefunctions centered between the apertures or in the center of the apertures. 

Modified Expressions for Mirror Length 

In Chapter 4, we gave expressions for the diffraction equivalent distance and 
phase penetration depths for DBRs which contained only quarter-wave layers 
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and had abrupt interfaces. DBRs in VCLs, however, often have graded 
interfaces or extra half-wavelength spacers (usually for the purpose of forming 
intra-cavity contacts). To determine the diffraction equivalent distance for an 
arbitrary DBR, one would determine the phase, 0, of the mirror reflection vs. 
incident angle, a, using a transmission matrix approach[l], and then fit the 
response for small angles to the response of a hard mirror, 
Q(a) = Q(0) + ko a Z.0/(Ao^)- But we would like to avoid this extra 
numerical calculation, if possible. 

Adding Extra XJ2 spacers 

If extra X/2 spacer layers are added in the DBR, we find the change in the 
phase penetration depth, LT, by further manipulating the result in [2], 

7     m 
A.   v- j-\ 

(B-22) 

Zn0 y=l 

where uj is an integer equal to the number of extra half-wavelengths in the f1 

layer. We number the layers of the DBR starting with the layer just after the 
incident interface (This is opposite of the convention used in [2]). m is the 
number of mirror layers, and q = nLI /nH[, p = nLl nH, and a = nLE lnHE are 
the ratios (chosen less than 1) between the refractive indexes of materials at the 
incident, intermediate and exit interfaces, respectively. LTi Q\y> is the 
penetration depth for the mirror without any spacer layers. (LTnfV, wa$ 
previously specified in Section II for the case of an infinite stack.) For a large 
number of layers (as in typical VCLs), pm «1 and the phase penetration 
depth may be approximated as in Eq. (B-22). 

The diffraction equivalent distance depends on Lx (which is proportional to the 
change in phase with frequency) and % (which is used to relate the shift in the 
center frequency to changes in the angle of incidence). We can assume that the 
change in the center wavelength of the DBR is still dominated by the quarter- 
wave layers, then the diffraction equivalent distance with an extra half-wave 
spacer is again given by LD = %LT, where the LT from (Al) is used. 
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Graded Interfaces 

From the derivation in [3], one finds the phase penetration depth depends only 
on the reflectivity of the DBR interfaces and the phase delay between them. 
When graded interfaces are used instead of abrupt interfaces, the reflectivity 
will be reduced and the mirror lengthened.  We use the result of [4] in which 
coupled mode theory is used to estimate the reduction in the reflectivity per 
interface due to the grading.   (Note this is different from applying coupled 
mode theory to the whole DBR, which assumes the exit and incident media are 
equal to the average index).    The result in [4] is that the inverse hyperbolic 
tangent of the interface reflectivity is reduced by a factor we will denote as y, 
which is the ratio of the coupling constants for a graded profile to that of a 
square wave. The same reflectivity can also be produced by an abrupt interface 

with a higher index ratio, peff = pr   As noted in [4], y = sin(/>r / 2) / {fn 12), 

for linear grading, /is the fraction of a mirror period which is graded. Thus to 
account for the effect of grading on LT, we simply need to use the new index 
ratio peff instead of p.   If the first interface is graded also, then we should 
modify the index ratio, q, in the same manner. 

Graded interfaces will also change q, which relates the change in the center 
mirror frequency to the change in the angle of incidence. This change is 
determined from the requirement that the phase shift (for a ray traveling off- 
axis) across a mirror period equals n at the center mirror frequency. Using 
these     requirements     and     following     the     approach     in     [5],     we 

obtainä = ^-\- \dz—  , where n(z) is the longitudinal index profile and the 
2\Xi n{z)J 

integral is performed over one mirror period. One can obtain a closed-form 
expression in the case of linearly graded interfaces. However, if we consider a 
typical case of interfaces graded linearly over 20nm from n/f=3.52 to ni=2.95 
(at /l=lum), then one finds the change in £ is only 0.1%. For the same 
parameters, and *0=3.52, the change in Lt is 3%, an order of magnitude larger. 
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Confinement Factor vs. V number 
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Figure B-l: Fraction of power confined within the core of a uniform 
step-index, circular waveguide along with a fitting function. 

Mode Radius vs. V number 

In Chapter 4, we defined the mode radius, am, for the fundamental mode by: 

(B-23) am = ^ \\dcdy\y2/MOM2 

For a Gaussian mode, am is the radius where the field2 drops by 1/e2 from the 
peak. This is sometimes more useful than using the standard deviation which 
can be too influenced by the tails of a distribution. Such a radius can be 
computed for the Bessel function modes of a step-index uniform waveguide 
and a simple fitting formula can be found as shown below. 



Appendix B: Theoretical Odds and Ends 229 

8 

7   - 

6   - 

.5    5 
E 

4 

3 

2 

=Mode Radius 
a'= Aperture Radius 

MinatV=1.55 
Fitting function 
a /a V = 0.7327*V + 

m 

0.7691 +0.6331/V2+     - 

0.8973/V4 

4 6 
V 

10 

Figure B-2: Normalized mode radius vs. V number for a circular step- 
index longitudinally uniform waveguide 

Generalized Optical Efficiency 

Often the optical efficiency (stimulated photons out/stimulated photons 
generated) is calculated by looking at the transmission through the output 
mirror as viewed from the cavity and having some estimate for internal losses. 
But it is possible to find the optical efficiency just knowing the standing-wave 
field for the entire VCSEL structure without having to separately do 
calculations for the mirrors. This method is not as intuitive, but it is handy 
when one has the whole structure in a transmission matrix program and already 
found the threshold. (Or if someone flashes the standing wave at you, you can 
show off.) In his thesis[6], Scott Corzine derives the condition for optical 
power conservation inside the VCSEL cavity 

dWm- = Q=X-coeQ   \e,\E\2dV- j(n.S>      (B-24) 
cavity surface bounding cavity dt 
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where WT0T is the energy density in the cavity, e, is the imaginary part of the 

dielectric constant, <o is the optical frequency (times 2n), S = JRefex H*} is 

the Poynting vector and n is the surface normal vector. In steady state, the 
power into and power out of the cavity are equal so dW10T/dt =0.  For clarity, 
these terms are: 

dW- TOT 

dt 

where 

= 0 = fl )N     PABS - POUTMIRROR\ ~ POUTMIRROR2 ~ PSCATTER (B"25) 

POUTMIRROR\ ~ j (o * S jdA , 
surface of mirrorl 

J(i.s) 
surface of mirror2 

PSCATTER= J(n«sJüL4 

POUTMIRROR2 ~ J\Ä • SpA , 

surface excluding mirrors 

PABS =
~2°

)£Q \£l\E\2(iV 

region where fi <0 

P!N=\o)€0 J£f\E\2dV 
region where £f >0 

The optical efficiency (out of mirrorl) is then written as 

„ _ POlTWRRORl ,Q -,. 
"OPT  (B-26) p 

IN 

1'D Cavity 

For the case of the simpler, one-dimensional cavity, 

POUTWRROR\ =C£
0
/
-\^OUT\   

nOUT (B-27) 

where Eom is the field at the output medium, and n0UT is the real part of the 
index of the output medium. And 

P
IN=-£QC       \g\E\2nGdz (B-28) 

active region 
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where c is the speed of light, g the material gain (in units of inverse length) of 
the active region and nG is the real part of the index of the active region. 

Combining the expressions, we have 
lr       I2 

pOCT    nOVT ,-a ->Q\ 
rjoPT = -±-=T] —2 <B-29) 

wells 

where nw is the real part of the index of the quantum wells, /w is the length 
(thickness) of the wells, gw is the gain of a quantum well (inverse length) and 
£w is the field in the wells.   Because we can also approximate the optical 

T T 
efficiency the usual way as rj0PT = -—- = —— , we can extract 

7 + L     2.ienhgwlwisw 

the field or photon density in the quantum wells if desired. 
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Appendix C 
Layer Specifications 

The following is a copy of the MBE programs used to grow the 1st Null 
VCSELs discussed in Chapter 6. There are three programs which are used in 
order. They could have been combined into one program but it would be too 
large for the old HP machine we use. 

How to read the MBE program 

The MBE programming language is relatively straightforward. Structures are 
subroutines as in most programming languages and are called by name. The 
first line executed is denoted with "!!! BEGIN HERE". The "!!!" are used for 
comments. Aside from calls to structures and the use of repeat loops, the only 
other commands are as follows: 

COMMANDS IMPORTANT TO SPECIFYING EPITAXIAL LAYERS: 

dope be (or dope si) means that the Be shutter will be open during all 
the subsequent layers until an "end dope be" 
command is issued. I usually set the doping 
level just before by calling a structure like 
"p_2el8" to set the Be cell temperature 
corresponding to that doping level. 

end dope be See above 
1 ga t=80 short for        layer ga thickness=80 

opens the Ga shutter long enough for 80A to be 
grown - (see growth rate). (The As shutter is 
always open during growth.) 
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The AlGaAs layers are grown by digital alloy with a period <=20A. So when 
you see 

repeat 10 
lgat=12 
1 all t=8 

end repeat 
it effectively means that a 200A layer of Al04Ga<,6As is grown. 

COMMANDS ONLY IMPORTANT TO GROWERS 

growth rate ga=2.83 specifies that when the Ga shutter is open for 1 
second that 2.83A will be grown. This number is 
measured by the grower on the growth day and is 
irrelevant to anyone just wanting to know the 
epitaxial structure. Just read the "thickness=." 
lines. 

rotation 10 set substrate rotation to 10 RPM - again only 
relevant to the grower 

valve As2 350 changes the arsenic value position - I usually 
state what flux this corresponds to. 

close closes all shutters - only growers need to worry 
about this command. It is mostly used to prevent 
commands being executed before they should be 
because of a quirk of the MBE programming 
language 

Program for bottom of 1st Null VCSEL 

!!! 12.5 periods of bottom of the structure 
!!! and 1 lambda of the GaAs contact layer 

structure si_2e18 
close 
temperature si=1250 

end structure 

structure si_3e 18 
close 
temperature si=1265 
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end structure 

structure si_5e18 
close 
temperature si=1300 

end structure 

structure binaries 
!!! Iambda=990nm 
!!! lambda/2.95/4 = 839A 
I all t=839 
!!! lambda/3.52/4 = 703A 
I ga t=703 

end structure 

structure contact !!! grow 1 lambda 
si_3e18 
I all t=539 
dope si 
I all t=250 
end dope si 

I all t=50 
I ga t=100 
dope si 
I ga t=603 
I ga t=703 
I ga t=703 
si_2e18 
I ga t=703 

!!! in the next structure - still need to grow extra landa/4 - grade 
!!! to finish mirror period 

end structure 

,,, .««««~~*~««   START HERE 

growth rate ga=2.732 
growth rate all =2.864 

rotation 10 

I ga t=1000   !!! buffer layer 

temperature si=800   !!! warm up cell 
repeat 11 

binaries 



236 Appendix C: Layer Specifications 
end repeat 

si_2e18 
binaries 
!!! total 12 ga layers 
contact 
!!! total 13 ga layers 

close 
rotation 0 
temperature substrate=200 

Program for middle of 1st Null VCSEL 
structure si_5e17 

close 
temperature si=1160 

end structure 

structure si_1e18 
close 
temperature si=1200 

end structure 

structure si_5e18 
close 
temperature si=1300 

end structure 

structure si_2e18 
close 
temperature si=1230 

end structure 

structure be_2e18 
close 
temperature be=880 

end structure 

structure be_1e18 
close 
temperature be=855 

end structure 

structure be 5e17 
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close 
temperature be=835 

end structure 

structure cool520   !!! cool substrate to 520oC on pyrometer 
close 
temperature substrate=650 
delay 1 minute 
temperature substrate=620 
delay 1 minute 
temperature substrate=600 
delay 2 minutes 

end structure 

structure warm600   !!! warm substrate to 6OO0C on pyrometer 
close 
temperature substrate=660 
delay 1 minute 
temperature substrate=690 
delay 1 minute 
temperature substrate=715 
delay 2 minutes 

end structure 

structure loAs   !!! set As flux to 9e-5 Torr BEP 
close 
valve as2=360 

end structure 

structure hiAs   !!! set As flux to 1 .Oe-6 Torr BEP 
close 
valve as2=385 

end structure 

structure nup  !!! linear grade over 160A from GaAs to AIO.9GaO.1As 
I all t=2 
lgat=18 
Ial1t=4 
I ga t=16 
Ial1t=6 
Iga t=14 
I all t=8 
lgat=12 
Ial1t=10 
lgat=10 
I all t=12 
I ga t=8 
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I ah t=14 
lgat=6 
I all t=16 
lgat=4 

end structure 

structure ndn !!! linear grade from AI0.9Ga0.1 As to GaAs over160A 
lgat=4 
I all t=16 
I ga t=6 
I all t=14 
lgat=8 
I all t=12 
lgat=10 
I all t=10 
lgat=12 
I ah t=8 
lgat=14 
I ah t=6 
lgat=16 
I all t=4 
lgat=18 
I all t=2 

end structure 

structure cavgrade !!! grade over 120A from AI0.3 to AI0.9 
lgat=12 
I all t=8 
lgat=10 
I all t=10 
lgat=8 
Ial11=12 . 
I ga t=6 
I all t=14 
lgat=4 
Ial11=16 
I ga t=2 
I ail t=18 

end structure 

structure endcontact 
si_2e18 
dope si 
Iga t=423 
si_5e18 
I ga t=200 

end structure 
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structure nper 
nup 
si_5e17 
!!! lambda =9900A 
!!! lambda/4/3.00 - 160A = 665A = 505 + 150 

repeat 24 !!!480here 
lgat=2 
I all t=18 

end repeat 
lgat=1.5 
I all t=13.5 
I ga t=l 
I all t=9 
si_5e18 

repeat 8 
lgat=2 
I all t=18 

end repeat 
ndn 
si_5e17 
delay 1 minute 

!!! lambda/(4*3.52) -160 = 543 = 393+150 
I ga t=393 
si_5e18 
I ga t=150 

end structure 

structure nlast 
nup 
si 5e17 
!!! lambda/4/3.00=825;   825 -160/2 -100/2 = 695 

repeat 26 !!! 520 here 
lgat=2 
I all t=18 

end repeat 

repeat 3  !!! 45A here 
lgat=15 
I all t=13.5 

end repeat 
lgat=1    !!!10Ahere 
I all t=9 



240 Appendix C: Layer Specifications 

repeat 6   !!!120Ahere 
I ga t=2 
I all t=18 

end repeat 
close 
si_5e18 
delay 1 minute 

!!! grade linearly from 90% to 30% Al over 100A 
lgat=4 
Ial1t=16 
lgat=6 
I all t=14 
lgat=8 
I all t=12 
lgat=10 
I all t=10 
lgat=12 
I all t=8 
close 

end structure 

length of spacer region 
0.5*(9900(wavelength) - 3.52(600 = thickness of active) )/(3.33=index of 30%AI) 
= 1169.4 
n side:   1169.4 -100/2 (grading thickness) = 1119.4 
p side:   1169.4 -120/2 (grading thickness) = 1109.4 

! on n-side 300+820 = 1120A - close enough 
! on p-side 297.4 + 720 = 1017.4 (this growth) 
!    +92 A (next growth) =1109.4 

structure ispacer !!! 300A 
repeat 15 
I all t=6 
I ga t=14 
end repeat 

end structure 

structure nspacer !!!820A 
repeat 41 
I all t=6 
I ga t=14 
end repeat 

end structure 
!!! savisg@us.ibm.com - microserfs 
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structure ipspacer !!!306A 
I all t=7.8 
lgat=18.2 
repeat 14 
I all t=6 
lgat=14 
end repeat 

end structure 

structure active   !!! 600A 
close 
I ga t=50 
loAs 
COOI520 

I ga t=50 
close 
delay 5 seconds 
repeat 3 

I in.ga t=80 
close 
delay 5 seconds 
I ga t=80 
close 
delay 5 seconds 

end repeat 

warm600 
hi As 
I ga t=20 

end structure 

structure aperture 
I all t=100 
repeat 17   !!! 420A of AI0.9Ga0.1As 

lgat=2 
I all t=18 

end repeat 

be_5e17 
warm600 
repeat 4 

lgat=2 
I all t=18 

end repeat 

!!!1040AofAI0.7Ga0.3As 



242 Appendix C: Layer Specifications 

repeat 50 
I ga t=6 
I all t=14 

end repeat 

be_2e18 

repeat 2 
lgat=6 
I all t=14 

end repeat 
end structure 

,,, «.««««.«„««„ START HERE 

growth rate ga=2.732 
growth rate in,ga=3.37 
growth rate all =2.864 

rotation 10 

endcontact 
!!! total 13 ga layers 

repeat 5 
nper 

end repeat 
!!! total 18ga layers 

close 
nlast 
nspacer 
close 
end dope si 
si_1e18 
temperature be=400 
ispacer 
active 
ipspacer 
close 
be_2e18 
cool520 
cavgrade 
dope be 
aperture 

close 
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end dope be 
rotation 0 
temperature in=350 

Program for top off 1st Null VCSEL 

!!! PROGRAM FOR TOP OF FIRST NULL VCSEL 
!!! doping 

structure p_2e19 
close 
temperature be=970 

end structure 

structure p_3e18 
close 
temperature be=890 

end structure 

structure p_2e18 
close 
temperature be=880 

end structure 

structure p_1e18 
close 
temperature be=855 

end structure 

structure p_1_3e18 
close 
temperature be=860 

end structure 

structure p_8e17 
close 
temperature be=850 

end structure 

structure p_6e17 
close 
temperature be=840 

end structure 
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structure p_3e17 
close 
temperature be=820 

end structure 

structure si_7e17 
close 
temperature si=1190 

end structure 

structure cool   !!! lower substrate temperature to 500 as measured by pyrometer 
close 
temperature substrate=650 
delay 1 minute 
temperature substrate=600 
delay 1 minute 
temperature substrate=570 
delay 2 minutes 
valve as2=360     !!! lower As2 flux to 9e-6 torr BEP for colder growth 

end structure 

structure firstgrade !!! grade from 70% to 0 over 120A 
Ial1t=12 
lgat=8 
I all t=10 
lgat=10 
I all t=8 
lgat=12 
I all t=6 
lgat=14 
I all t=4   . 
Igat=16 
I ah t=2 
I ga t=18 

end structure 

structure grupl 
!!! flat over 135-64=71 A 
!!! then linear grade over 64A (= half of parabolic grade) from GaAs to 
!!! AI0.9Ga0.1As 

I ga t=71 

!!! linear grade 
Ial1t=1.4 
lgat=14.6 
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I all t=2.9 
lgat=13.1 
I all t=4.3 
lgat=11.7 
I all t=5.8 
lgat=10.2 

end staicture 

structure grup2 !!! parabolic grade from Al 0.5 to 0.9 over 135A 
I all t=7.5 
lgat=7.5 
I all t=8.8 
I ga t=6.2 
Ial1t=10 
I ga t=5 
I all t=11 
I ga t=4 
Ial1t=11.8 
I ga t=3.2 
I all t=12.5 
lgat=2.5 
I all t=13.0 
I ga t=2.0 
I all t=13.3 
I ga t=1.7 
I all t=13.5 
I ga t=1.5 

end structure 

structure grdnl !!! parabolic grade from AI0.9 to AI0.5 over 135A 
I ga t=1.5 
Ial1t=13.5 
I ga t=1.7 
Ial1t=13.3 
I ga t=2.0 
Ial1t=13.0 
I ga t=2.5 
I all t=12.5 
I ga t=3.2 
Ial1t=11.8 
lgat=4 
Ial1t=11 
I ga t=5 
I all t=10 
I ga t=6.2 
I all t=8.8 
I ga t=7.5 
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I all t=7.5 
end structure 

structure grdn2   !!! total thickness 135A 
Hllinear grade from AI0.4 to GaAs over 64A 
ü!then71AofGaAs 

lgat=10.2 
I all t=5.8 
lgat=11.7 
Ial1t=4.3 
lgat=13.1 
I all t=2.9 
lgat=14.6 
Ial1t=1.4 

I ga t=71 
end structure 

structure pgrupA   !!! grade Al composition up, use higher doping 
!!! grade is over 270A 
close 
end dope be 
p_3e18 
!!! flat + linear grade to 0.4 Al over 135A 
grupl 
close 
dope be 
!!! parabolic grade from 0.4 Al to 0.9 Al over 135A 
grup2 

P_2e18  !!! dope AIGaAs higher than GaAs due to lower incorporation of Be 
close 

end structure 

structure pgrupB !!! grade Al composition up, use lower doping 
!!! grade is over 270A 
close 
end dope be 
dopest 
p_2e18 
!!! flat + linear grade to 0.4 Al over 135A 
grupl 
close 
end dope si 
dope be 
!!! parabolic grade from 0.4 Al to 0.9 Al over 135A 
grup2 
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p_6e17   !!! dope AlGaAs higher than GaAs due to lower incorporation of Be 

close 
end structure 

structure pgrdnA !!! grade Al composition down, use higher doping 
!!! grade is over 270A 
p_3e18 
!!! parabolic grade from 0.9 Al to 0.4 Al over 135A 
grdnl 
close 
end dope be 
p_1e18 
!!! linear + flat grade to 0.4 Al over 135A 

grdn2 
close 
dope be 

end structure 

structure pgrdnB !!! grade Al composition down, use lower doping 
!!! grade is over 270A 
p_2e18 
!!! parabolic grade from 0.9 Al to 0.4 Al over 135A 
grdnl 
close 
end dope be 
p_3e17 
!!! linear + flat grade to 0.4 Al over 135A 
grdn2 
close 
dope be 

end structure 

!!! design for 990nm 

structure lowqw 
!!! AI0.9Ga0.1As 
!!! 555A = lambda/(4*3.00) - 270A 

repeat 27 !!! 460A + 80 A here 
I all t=18 
lgat=2 

end repeat 

!!! 15 A here 
I all t=13.5 
lgat=1.5 

end structure 
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structure hiqw 
!■'•' 433A = lambda/4/3.52 - 270A 
I ga t=433 

end structure 

structure topper   !!! upper mirror periods 
repeat 25 

hiqw 
pgrupA 
lowqw 
pgrdnA 

end repeat 
end structure 

structure botper  Hlbottom mirror periods 
repeat 5 

hiqw 
pgrupB 
lowqw 
pgrdnB 

end repeat 
end structure 

BEGIN HERE 

growth rate ga=2.732 
growth rate all =2.864 

rotation 10 

dope be 
firstgrade !!!over120A 
P_3e17 
si_7e17 
end dope be 

£W5 III 270A - ,35A- ,20* = 75A extra Ga ,o «nish «ance close 
dope be 
botper 

close 
temperature si=50   !!! idle si cell 
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cool 

topper 

p_3e18 
hiqw 
p_2e19 
lgat=135 !!! other half of grade 
I ga t=455   !!! phase match layer to gold 

close 
end dope be 

!!! IDLE EVERYTHING 
temperature substrate=200 
rotation 0 
temperature be=50 
temperature ga=200 
temperature all=1000 
delay 15 minutes 
valve as2=0     !!! shut off As - we are done - yippie 
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